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FOREWORD 


The  effort  documented  within  this  report  was  sponsored  by  the 
Advanced  Development  Program  Office  698DF  of  the  U.S.  Air  Force 
Avionics  Laboratory,  WPAFB,  under  the  direction  of  Mr.  Frank  A.  McCann, 
Task  Manager.  Over  the  past  few  years,  this  office  has  sponsored  a 
number  of  programs  related  to  analyzing  and  evaluating  real-time 
imaging  systems.  Under  contract  F33615-70-C-1461  with  the  Westinghouse 
Defense  and  Electronic  Systems  Division,  a  series  of  studies  has 
been  oriented  toward  evaluating  and  predicting  the  effectiveness  of  an 
operator  viewing  a  noisy  TV  image.  Other  contracts  with  Westinghouse 
and  directed  by  Mr.  McCann  have  been  related  to  flight  and  laboratory 
evaluation  of  low-light  level  television  (LLLTV)  systems.  With  EOS, 
laboratory  and  flight  evaluation  of  a  high-performance  FLIR  has  been 
planned,  monitored,  and  analyzed  under  contract  F33615-71-C- 1227 , 
Captain  M.  Kiya,  Project  Engineer.  In  addition,  under  Project  5227,  a 
High-Periormance  FLIR  study,  the  tradeoffs  associated  with  the  design 
and  performance  of  a  FLIR  system  were  analyzed  in  detail.  This  study 
was  completed  under  contract  F33615- 70-C- 1682  under  the  direction  of 
Mr.  B.  Rayner,  AFAL/NVT-2 . 

The  effort  reported  here  was  a  direct  outgrowth  of  and  builds 
heavily  upon  the  foundation  provided  by  the  aforementioned  programs. 

It  is  the  intention  of  this  report  to  discuss  active  TV  and  passive 
IR  sensors,  in  as  similar  a  manner  and  language  as  practical, 
pointing  out  the  many  similarities  and  explaining  the  few  differences. 

It  was  a  joint  effort  primarily  executed  by  Mr.  Frederick  A. 

Rosell  of  Westinghouse  Electric  Corporation  an  1  Mr.  Robert  L.  Sendall 
of  Xerox  Corporal ion/K lectro-Opt ical  Systems  with  parallel  and 
essentially  identical  contracts.  Contract  numbers  are  F33615-7 l-C- 1868 
and  F3361 5-7 1 -C -l 869 . 

This  report  lias  been  reviewed  and  is  approved  tor  publication. 
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ABSTRACT 


TV  (LLTV  and  ACTV)  and  IR  (FLIR)  sensors,  as  real-time  imaging  systems 
for  night  operations,  have  become  competitive  for  many  applications. 
While  both  systems  provide  TV-type  displays  for  an  operator  to  view  and 
are  used  in  a  similar  manner,  their  uncommon  backgrounds  (evolutions) 
have  resulted  in  different  descriptive  parameters  and  specif  ixations . 
This  report  describes  the  two  types  of  systems  in  a  parallel  manner  and 
language  so  that  parsons  familiar  with  TV  can  better  understand  IR  and 
vice  versa.  The  sources  of  signal  information;  i.e.,  differences  in 
reflectivity  for  the  TV  and  differences  in  temperature  for  the  IR  are 
covered  so  as  to  provide  a  better  understanding  of  the  differences  and 
similarities  of  the  inputs.  The  man  as  the  final  element  of  the  system 
is  discussed  using  the  theory  that  the  operator  is  a  spatial  and  tempo¬ 
ral  integrator.  Then  with  the  approach  of  Otto  Schade,  Sr.,  and  the 
result  of  the  psychophysical  tests  of  the  coauthor,  Ro«ell,  the  systems 
are  analyzed  and  performance  prediction  equations  are  derived.  While  a 
detection/recognition  theory  for  predicting  results  against  objects  of 
general  interest  is  presented,  the  three  bar  object  is  the  basic  object 
for  performance  definition  and  detection/recognition  theory  development. 
For  the  IR  system,  the  threshold  temperature  difference  between  the  bars 
and  spaces  of  the  test  object  which  allows  resolution  of  the  bars  is 
called  the  minimum  resolvable  temperature  (MRT) .  It  is  a  function  of 
the  spatial  frequency  of  the  object.  In  a  similar  manner,  the  contrast 
required  for  resolution  of  a  3-bar  object  is  used  to  define  the  minimum 
resolvable  contrast  (MRC)  as  a  function  of  spatial  frequency  for  an  ACTV 
system.  Analysis  is  provided  to  permit  the  prediction  of  these  perform¬ 
ance  parameters,  and  typical  curves  see  provided.  Finally,  based  upon 
the  analysis,  methods  for  comparing  TV  and  IR  systems  in  laboratorv/f ield 
tests  are  presented.  Suggestions  are  presented  on  how  tests  starting 
with  controlled  laboratory  tests,  then  controlled  field  tests  against 
laboratory  objects,  then  limited  controlled  field  tests  against  tactical 
type  targets,  and  finally  extensive  semi cont rol led  field  tests  all  using 
two  controlled  sensors  s » de-by-s ide  could  he  used  for  comparison. 
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SECTION  I 


INTRODUCTION 


Television  cameras  developed  lor  the  military  have  many  similarities  to 
cameras  used  in  commercial  television  broadcast  studios  but  are  of  much 
greater  spectral  bandpass  and  sensitivity.  Since  the  military  TV 
cameras  were  developed  in  parallel  with  :l'eir  commercial  counterparts, 
it  is  only  natural  that  common  methods  of  evaluation  and  specification 
evolved  as  well.  While  the  objectives  of  TV  studio  broadcasting  and 
military  reconnaissance  may  be  quite  different,  many  of  the  measurement 
and  description  techniques  developed  are  applicable  to  both.  The  prin¬ 
cipal  difference  is  in  system  specification.  In  military  usage,  emphasis 
is  placed  on  the  long-range  detection  of  small  objects  under  poor  viewing 
conditions  while  in  studio  broadcasting  the  emphasis  is  on  obtaining 
high-quality  images  of  rather  large  objects  at  short  range  under  near¬ 
optimum  lighting  and  v.ewing  conditions.  rhere  is,  of  course,  consid¬ 
erable  overlap  between  conwu.eitl  and  military  TV  applications. 

In  this  study,  v*  emphasize  Active  Television,  or  AC  TV ,  systems  which  are 
range  gated  to  induce  contrast  degiading  atmospheric  backscatter  effects. 
By  the  term  active,  we  imply  that  an  auxiliary  scene  irradiator,  located 
at  or  near  the  tele/ision  sensor,  is  used.  However,  passive  TV  or  PATV, 
sensors  will  also  br  considered. 

Real-time  thernal  imaging  systems  referred  to  as  VI.  I R  ^  havt  evolved  from 
the  IK  family  of  line  scanners,  point  source  detectors,  and  radiometer* . 
With  this  hardware  evolution,  para, art ers  evolved  basrd  upon  the  radiom- 
ctry  and  line-scan  background. 

*FL!R  is  an  acronym  for  Forward  Looking  Infrared  which  refe.s  to  the 
original  application  of  using  the  Ft  IK  to  look  oat  the  front  of  aircraft. 
Apparently,  the  term  was  fiist  used  by  Texas  Instrument*.  Inc. 
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The  FLIR  is  a  passive  sensor.  By  passive,  we  purport  that  the  FLIR 
senses  radiacion  which  is  either  self-emitted  by  the  scene  or  due  to 
natural  sources  such  as  the  sun,  and  reflected  by  the  scene. 

In  more  recent  times,  both  military  TV  and  IR  systems  personnel  have 
been  drawing  from  the  technical  well  of  imaging  which  includes  work  in 
optics,  photography,  and  the  more  analytical  TV  efforts.  Most  exemplary 
and  complete  is  the  tremendous  published  works  of  Otto  Schade  (Refs.  1- 
10)  covering  a  wide  variety  of  imaging  analysis,  evaluation,  and  operator 
interaction. 

Since  both  types  of  systems  provide  real-time  images  and  are  considered 
for  similar  applications,  ic  has  become  necessary  to  evaluate  their 
relative  merits  and  compare  the  systems  so  that  one  can  make  a  choice 
for  a  specific  application.  That  choice  may  be  to  use  one  of  the  sen¬ 
sors,  both  of  the  sensors  in  a  complementary  mode,  or  neither  of  these 
sensors.  Because  of  the  different  backgrounds,  the  equipment  is 
usually  evaluated  in  terms  of  different  parameters  by  people  who  tend  to 
understand  only  one  of  the  candidates  and  therefore  the  issue  has  been 
clouded.  While  this  study  may  not  make  such  system  choice  decisions 
completely  clear  and  automatic,  it  does  establish  a  uniform  language 
and  approach  to  understanding  the  similarities  and  significant  differ¬ 
ences  so  that  a  meaningful  comparison  can  be  made  for  any  given  set  of 
conditions.  Using  the  analytical  approach  pioneered  by  otto  Schade,  a 
common  language  does  evolve.  Therefore,  the  purpose  of  this  study  is  to 
provide  a  common  set  of  evaluation  parameters  where  possible  and  explain 
and  discuss  required  differences.  In  addition,  system  performance 
analysis  equations  are  derived  in  parallel  for  TV  and  IR  maintaining 
similarity  for  more  comp’ete  common  understanding.  It  is  intended  that 
anyone  versed  in  either  1  or  IV  can  easily  acquire  the  other  discipline 
from  this  report.  It  is  npor*  ant,  however,  that  since  considerable 
emphasis  is  placed  upon  p :  viding  a  parallel  1V/IR  discussion, many 
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special  cases  and  subtleties  have  been  glossed  over.  Because  of  this, 
the  reader  is  referred  to  the  final  reports  of  the  previous  TV  and  IR 
studies  (Ref.  11  and  12)  which  were  the  basis  for  this  work  and  provide 
detailed  discussions  and  derivations  in  the  language  of  the  native 
technology . 

Section  II  presents  a  summary  of  the  report  and  as  such  is  a  non-linear 
reduction  indicating  particularly  significant  results  ind  conclusions 
without  the  use  of  equations. 

Section  III  is  the  main  body  of  the  report  and  contains  a  detailed  tech¬ 
nical  discussion.  This  section  is  organized  in  the  same  manner  that  the 
system  is  analyzed.  Tne  subheadings  indicate  the  level  of  detail  of  the 
parameters  being  discussed.  Throughout  Section  III,  the  pages  are 
divided  for  separate  IR  and  TV  parallel  writeups  where  the  material  can¬ 
not  be  described  effectively  by  a  single,  general  presentation.  That  is, 
when  significant  differences  exist,  they  are  written  up  as  equivalents 
in  a  side-by-stde  format. 

Section  IV  briefly  describes  a  comparison  approach  in  terms  of  labora¬ 
tory  and  field  tests  based  upon  the  results  of  Section  III.  It  suggests 
which  parameters  need  be  tested. 

Section  V  discusses  some  of  the  detailed  considerations  of  planning  a 
control led-f l igbt  test  oi  K/0  Sensors.  It  is  anticipated  that  tins 
section  would  contribute  to  planning  such  a  comparison-flight  test. 
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SECTION  II 
SUMMARY 


IR  and  TV  systems  have  evolved  from  different  backgrounds  and  in  a  com¬ 
petitive  atmosphere.  Because  of  this,  while  the  overall  systems  are 
very  similar,  they  are  viewed  differently.  Many  TV  designers  tend  to 
misunderstand  the  IR,  and  the  IR  designers  tend  to  misunderstand  TV.  To 
a  large  degree,  this  misunderstanding  is  a  result  of  a  language  and 
analysis  approach  barrier. 

It  is  the  purpose  of  this  study  to  provide  a  common  language  and  parallel, 
if  not  common,  analysis  for  describing  performance  of  these  systems.  It, 
therefore,  results  in  suggested  parameters  for  laboratory  comparison  and 
methods  and  parameters  for  field  comparison.  It  also  provides  the  anal¬ 
ysis  for  predicting  these  parameters. 

First,  in  subsection  3.2,  the  general  approach  is  to  describe  where  the 
source  of  information  that  represents  t he  input  to  the  sensors  is 
derived.  The  reasons  for  choosing  contrast  (Ctn)  as  the  scene  parameter 
for  TV  and  delta  temperature  (/\T)  as  the  scene  parameter  for  IR  and  the 
effects  of  the  atmosphere  on  each  are  discussed.  A  nominal  equivalence 
based  upon  the  guessed  probability  of  occurrence  of  Cm  and  AT  is 
suggested.  This  nominal  equivalence  means  that  given  a  TV  system  sensi¬ 
tive  to  a  100  percent  contrast  target,  of  nominal  size  and  average  re¬ 
flectivity  of  13  percent,  and  an  IK  system  sensitive  to  a  10°  At  target 
of  the  same  size,  we  might  expect  to  get  nomina 1 ly-equi va lent  images  of 
general  terrain,  etc.  This  assumption  is  only  presented  to  make  possi¬ 
ble  a  nominal  equivalence,  to  indicate  the  need  for  more  data  on  the 
prohabi i i ty  of  occurrence  of  AT  and  Cm,  and  to  give  a  general  feel  for 
how  the  authors  believe  the  typical  scene  variations  are  related. 
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Second,  in  subsection  3.3,  the  man  as  the  finai  element  of  the  system 
is  discussed.  It  is  assumed  that  the  operator  is  a  spatial  and  tempo¬ 
ral  integrator,  and  that  he  makes  decisions  based  upon  the  signal-to- 
noise  ratio  that  results  (from  this  integration)  being  greater  than  a 
threshold.  He  is  an  imperfect  temporal  integrator  (low-pass  filter)  of 
time  constant  t^  =  0.1  to  0.2  seconds.  He  is  near-perfect  spatial 
integrator  over  the  image  for  small  (less  than  0.5°)  images.  The  out¬ 
put  of  the  integration  process  is  defined  as  the  perceived  signal-to- 
noise  ratio  SNRp.  The  threshold  value  for  detection  has  been  redeter¬ 
mined  by  the  co-author  F.A.R.  as  2.8  when  associated  with  a  t^  of  0.1 
second.  The  many  psychophysical  tests  by  Resell  et  al  have  not  only 
established  the  threshold  but  supported  and  determined  the  limitations 
of  the  theory.  This  general  theory  is  then  applied  to  a  single  bar  and 
the  single  bar  of  a  periodic  pattern  to  predict  the  detection  of  aperi¬ 
odic  and  periodic  objects.  These  predictions  are  then  used  with  the 
John  Johnson  criteria  of  2  lines  on  target  for  detection  and  8  lines  on 
target  for  recognition  to  provide  a  general  theory  of  detection  and 
recognition  for  a  raster  generated  display.  The  compatibility  between 
the  SNRp  theory  and  the  Johnson  empirical  criteria  is  very  satisfying.' 
The  fact  that  raster  can  (and  often  does)  limit  performance  is  also 
discussed . 

Then,  in  subsection  3.4,  the  system  is  analyzed  in  terms  of  how  each 
component  contributes  to  the  overall  system  spatial  frequency  response 
(resolution)  and  s igna l -to-noi se  ratio.  The  signal -to-noise  ratio 
which  would  be  measured  electrically  in  the  video  channel,  SNRV,  is 
defined  and  the  equations  for  its  prediction  from  the  characteristics 
of  each  system  component  are  provided. 

An  expression  for  the  SNRp  in  terms  of  the  SNRy  is  derived  for  any 
raster  generated  system.  Hi  is  is  the  analysis  which  quantitatively 
ties  the  man  into  the  system.  This  analysis  also  makes  possible  the 
prediction  of  the  input  signals  required  for  detection/recognition. 
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The  total  system  sensitivity  is  finally  defined  in  terms  of  minimum 
temperature  difference  or  contrast  required  for  a  bar  to  just  be 
detected  at  the  display.  If  the  bar  is  one  of  a  3-bar  pattern,  we 
have  minimum  resolvable  temperature  (MRT)  and  minimum  resolvable 
contrast  (MRC).  If  it  is  a  single  aperiodic  object,  we  have  minimum 
detectable  temperature  (MDT)  and  minimum  detectable  contrast  (MDC). 

In  Section  IV,  these  concepts  are  then  expanded  to  show  how  laboratory 
and  field  predictions  and  comparisons  would  be  accomplished.  The  in¬ 
dependent  variable  of  spatial  frequency  which  is  meaningful  in  the 
laboratory  is  converted  to  range  for  a  specific  target  for  field  com¬ 
parison.  The  general  problem  of  how  to  finally  expand  the  comparison 
into  many  varied,  real-word  situations  is  discussed.  It  is  recommended 
that  even  after  initial  controlled  and  limited  field  tests  against  bar 
charts  and  trucks,  more  diverse  tests  be  planned.  The  initial  tests 
will  prove  and/or  modify  the  analysis  so  that  generally  the  result  of 
any  situation  should  be  predictable.  However,  it  is  still  felt  that 
flying  the  same  pair  of  sensors  in  a  well  understood  installation 
(calibrated  by  the  limited  field  tests)  would  be  worthwhile  in  deter¬ 
mining  which  system  really  performs  better  under  which  conditions  and 
when  are  they  truly  complementary.  It  would  be  hoped  that  such  a 
test  would  result  in  many  surprises  which  would  lead  to  new  applica¬ 
tions  and  systems  designs. 

Finally,  in  Section  V,  a  few  specific  comments  are  made  on  how  to 
approach  the  problem  of  planning  the  control led-fl ight  lest.  It  is 
heavily  influenced  by  the  experience  gained  from  previous  b98l)F  sensor 
flight  test  programs. 
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SECTION  III 


TECHNICAL  DISCUSSION 


3.1  INTRODUCTION 


In  order  to  compare  a  TV  system  to  a  FLIR,  it  is  first  necessary  to 
generally  define  each  and  point  out  the  characteristics  which  cause 
them  to  produce  different  responses  to  the  same  object.  Both  systems 
are  real-time  imaging  systems  presently  providing  a  display  similar  to 
home  television.  Both  can  be  described  in  terms  of  the  same  functional 
block  diagram,  shown  in  Figure  1.  The  sensor  optically  images  and 
senses  the  image  providing  a  coded  electrical  output  which  represents 
the  scene.  This  video  is  processed  electronically  to  prepare  it  for 
display,  and  then  displayed  as  a  visible  image.  The  display  is  commonly 
a  CRT-type  display.  Since  the  systems  are  so  much  alike,  and  since 
both  are  viewed  by  man,  the  analysis  of  the  systems  including  the 
operator  cun,  and  in  most  cases  should, be  identical.  Certainly  the 
same  techniques  and  approach  can  be  used.  Because  of  the  completeness 
and  extensiveness  (Ref s .  1-10)  of  the  optical/photographic/teievision 
analysis  and  evaluation  by  Otto  Schade  and  because  of  the  verification 
and  extension  of  the  evaluation  work  accomplished  by  the  coauthor, 
F.A.R.,  and  because  of  the  application  and  extension  of  this  analysis 
to  FLIR  by  the  coauthor  R.L.S.,  the  techniques  and  approach  of 
0.  Schade  will  be  employed  for  analyzing  both  systems. 

Hie  major  differences  between  TV  and  iR  systems  stem  from  the  different 
characteristics  of  the  scene  that  cause  the  image.  Both  systems  sense 
electromagnetic  radiation  received  at  the  sensor.  The  general  case  of 
an  imaging  system  is  shown  in  Figure  2.  Both  sensors  receive  radiation 
from  the  background,  foreground,  atmosphere,  and  the  object. 
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NATURAL  SOLACE  NO.  2  a.g.  CLEAR  SKY 


Figure  2.  General  Imaging 


Current  ACTV  systems  sense  near- 
infrared  radiation  at  wavelengths  of 
0.86  micrometer  or  longer.  They 
derive  their  images  from  variations 
in  radiation  received.  Mainly, 
these  variations  are  due  to  varia¬ 
tions  in  scene  reflectivity.  The 
radiation  reflected  from  the  scene 
is  supplied  by  an  auxiliary  scene 
irradiator  or  system  source  located 
at  or  near  the  television  sensor. 

The  magnitude  of  the  scene  radiation 
signal  is  directly  proportional  to 
the  system  source  power,  differential 
scene  reflectivity,  and  the  one-way 
atmospheric  transmittance.  And,  it 
is  inversely  proportional  to  the 
solid  angle  being  irradiated  and  the 
square  of  the  range  between  the 
sensor  and  scene. 

_ PATV _ 

Passive  TV  systems  sense  visible  and 
near  infrared  radiation  in  the  0.4  to 
0.9  micrometer  band.  Images  are  de¬ 
rived  from  radiation  reflected  dif¬ 
ferently  from  various  objects  in  the 
scene.  The  reflected  radiation  orig¬ 
inates  at  such  natural  sources  as  the 
sun  (moon),  stars,  and  sky. 


FLIR  systems  sense  longer  wave¬ 
length  radiation  either  through 
the  3-5  micrometer  or  8-14 
micrometer  atmospheric  window. 
These  systems  derive  their  imagef 
from  the  variations  in  radiation 
received.  These  variations  can 
be  due  to  either  variations  in 
the  emittance  of  the  scene  or 
variations  in  radiation  reflected 
from  the  scene,  or  both.  The 
radiation  reflected  from  the 
scene  can  come  from  a  variety  of 
natural  sources  (clouds,  sky, 
background,  etc.)  but  is  usually 
less  than  that  associated  with 
an  ambient  temperature  Mack- 
body.  The  primary  scene  signal 
is  due  to  the  variations  in 
emittance  and  can  be  due  to 
either  variations  ir.  temperature 
or  emissivity.  That  is,  the 
scene  is  the  source  generating 
most  of  the  radiation  itself 
due  to  its  inherent  temperature. 
The  ambient  radiation  is  that 
associated  with  the  average 
scene  temperature  and  emissi¬ 
vity,  and  the  signal  is  due  to 
variations  around  the  average. 


Since  radiation  characteristics  of  a  complicated  scene  can  assume 
infinite  variety,  detailed  analysis  of  any  but  a  small  number  of  rep¬ 
resentative  typical  cases  becomes  prohibitively  costly  and  seldom 
warranted.  The  results  would  be  a  function  of  time  not  only  because 
the  radiation  characteristics  of  objects  vary,  but  because  of  aircraft 
motion  and  relative  location  of  scene  elements.  For  flight  tests,  it 
is  important  that  scene  variables  be  understood  and  controlled  or 
measured.  The  proper  choice  and  orientation  of  a  simple  test  object 
makes  possible  the  control  of  many  of  the  variables  and  will  be  found 
to  be  imperative  for  a  meaningful  flight  test.  The  task  of  relating 
a  simple  test  object  to  military  targets,  as  a  function  of  ambient 
conditions,  is  one  of  the  most  significant  and  difficult  tasks  to  be 
attempted  in  this  study. 

To  the  end  of  obtaining  a  simplified  situation  that  has  the  number  of 
variables  reduced  for  measurement  and  analysis,  t he  concept  of  equiv¬ 
alent  object  and  apparent  object  is  introduced.  Figure  3  indicates 
the  same  situation  as  before  but  with  the  equivalent  scene.  Figure  4 
indicates  the  apparent  scene. 

The  equivalent  scene  simplifies  the  geometry  by  reducing  the  scene  to  a 
two-dimensional  scene,  normal  to  the  sensor  1 i ne- ol -sight  with  both 
object  and  background  at  range  R. 


_ TV _ 

For  TV,  the  equivalent  scene  may  be 
considered  to  have  zero  emissitity 
and  a  constant  average  reflect ivi tv. 
The  average  radiation  signal  re¬ 
flected  from  the  scene  is  the  prod¬ 
uct  of  the  average  scene  reflec¬ 
tivity  and  the  high  light  scene  ir- 
radiance  due  to  the  radiation  source 


_ KUR _ 

11»e  equivalent  s.ene  has  emis- 
sivity  equal  to  unity  and  there¬ 
fore  0  reflectivity.  The  varia¬ 
tions  in  radiation  coming  from 
the  actual  scene  are  generated 
in  the  equivalent  scene  by 
variations  in  temperature,  the 
variation  in  temperature  required 
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Figure  3.  Equivalent  Imaging  System  Situation 


.  SCENE  IS  DIFFUSE  REFLECTOR (EMITTERIWITH  ANGULAR  SUBTENSE 
.  SOURCE  PROVIDES  APPARENT  HIGHLIGHT  IRRADIANCE  OF  EH 

FOR  TV  SCENE, CHARACTERISTIC  IS  APPARENT  RELATIVE  CONTRAST  (REFLECTIVITY) 

.  FOR  IR  SCENE, CHARACTERISTICS  ARE  APPARENT  AT  BACKGROUND  TEMPERATURE,  € 


Figure  4.  Apparent  Imaging  System  Scene 


TV 


FLIR 


as  modified  by  the  atmosphere  in¬ 
tervening  between  the  source  and 
scene.  The  scene  is  considered  to 
be  diffusely  reflecting.  Tie 
variations  in  the  radiation  coming 
from  the  actual  scene  are  generated 
in  the  equivalent  scene  by  varia¬ 
tions  in  reflectivity.  It  is 
customary  to  describe  these  varia¬ 
tions  in  terms  of  contrast  which  is 
a  ratio  of  the  incremental  scene 
reflectivity  to  the  sum  of  the  object 
and  background  reflectivity. 

Therefore,  the  parameters  of  the 

average  scene  are  the  high  light 

scene  irradiance,  E^,  the  average 

scene  reflectivity,  c  ,  and  the 
7  av 

scene  contrast,  Cm. 

The  apparent  scene  is  simply  the  equivalent  scene  modified  by  the  range 
and  atmosphere.  The  range  converts  the  linear  dimensions  of  the  equi¬ 
valent  scene  to  angular  dimensions  and  is  an  input  to  the  atmospheric 
mode  1 . 

Alternately,  the  apparent  scene  car,  be  considered  in  terms  of  the  irra- 
dianct  (E)  versus  viewing  angle  at  the  input  to  the  sensor.  This  is  the 
actual  signal  of  interest  and  in  this  case,  the  same  nomenclature  applies 
for  both  systems.  However,  for  the  IK  system  it  is  more  convenient  to 

*Vhenever~ using  equivalent  IT  instead  of  irradiance  we  must  nevei  orget 
that  it  is  a  strong  function  oi  the  spectral  characteristics  cf  the 
scene  and  the  sensor. 


to  simulate  the  scene  would  be 
a  function  of  the  spectral 
response  of  the  system  and 
differs  frori  the  actual  tem¬ 
perature  except  for  any  black- 
body  sources  in  the  real  scene. 

Therefore,  the  temperature  of 
the  background  T,  and  the  equiv¬ 
alent  AT  (depends  on  X)*  ever 
the  scene  are  the  parameters  of 
the  equivalent  scene. 


work  in  terms,  of  apparent  AT  and  a  parallel  can  be  drawn  for  the  TV  in 
terms  of  apparent  Ap  and  E.  In  either  case  a  parallel  discussion  is 
presented  for  completeness. 


_ AC TV _ 

The  atmosphere  reduces  the  average 
scene  radiance  due  to  its  two-way 
transmittince.  The  atmosphere  may 
also  degrade  apparent  image  con¬ 
trast  depending  on  position  of  the 
scene  object  in  the  range  gate.  The 
apparent  scene  can  therefore  be  con¬ 
sidered  to  be  diffuse  with  average 
reflectivity  oav»  aoparent  modula¬ 
tion  contrast  Cm,  and  high  light 
irradiance  E^. 

_ PATV _ 

The  atmosphere  reduces  the  apparent 
image  contrast  at  the  sensor  by 
scattering  signal  out  of  the  line  of 
sight  and  by  scattering  scene  source 
radiation  into  the  line  oi  sight. 

The  scene  parameters  are  otherwise 
the  same  ah  tor  AC  IV. 


_ FLIR _ 

The  atmosphere  reduces  the 
variations  in  irradiance  and, 
therefore,  the  apparent  AT  over 
the  scene.  It  can  also,  by  re¬ 
emitting  and  scattering.,  vary 
the  apparent  background  tempera¬ 
ture.  The  apparent  scene  has 
emissivity  equal  to  unity  with  a 
background  temperature  T  and  AT 
variations  as  determined  by  the 
scene  and  the  atmosphere. 


In  what  follows,  these  cnrnepts  will  be  discussed  so  that  relationships 
between  real-world  scenes  and  easily  measurable  and  analyr.able  objects 
can  be  established.  'I  his  will  deline  the  imaging  system  inputs.  Then, 
the  man  as  an  element  oi  the  total  system  will  be  discussed  to  establish 
rvqui  retacnl  s  for  the  outputs  oi  the  imaging  system.  Finally,  for  both 
systems  the  imaging  systems  analysis  will  be  presented  so  tha„  performance 
can  be  defined  and  predicted  from  design  parameters.  The  man  interface 
will  be  so  important  that  it  will  atfeit  performance  measures,  but  the 
man  as  an  element  will  be  separated  and  treated  as  the  final  component 
of  the  complete  system. 
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It  should  be  realized  that  for  laboratory  testing  the  real,  equivalent, 
and  apparent  scene  are  identical  except  for  units.  Since  testing  is 
accomplished  against  an  apparent  scene,  it  becomes  necessary  to  relate 
this  to  the  real-world  and  vice  versa. 

3.2  REDUCING  THE  REAL  SCENE  TO  THE  APPARENT  SCENE 

3.2.1  THE  REAL  SCENE 

The  real  scene  is  a  complex  collection  of  objects,  radiation  sources, 
and  atmospheres  which  determine  the  spatial  and  temporal  variations  in 
radiation  reaching  the  sensor.  Figure  5  indicates  a  typical  situation. 

Both  systems  sense  and  display  the  same  basic  geometrical  outline,  view 
reflections  of  backgrounds  in  the  reflecting  areas  (such  as  ponds),  and  see 
areas  that  look  like  shadows  although  the  IR  "shadows"  are  usually  not 
real  time  but  history-developed  temperature  gradients.  In  the  large, 
the  scene  (and  therefore  the  systeit  display)  can  look  very  similar.  In 
the  small,  however,  the  details  of  some  objects  appear  quite  different 
in  terms  of  relative  emphasis. 

This  difference  in  emphasis  is  linked  to  the  dynamic-range  requirement 
for  the  system.  The  modulation  for  the  general  scene  for  TV  is  pro¬ 
portion'd  to  the  average  or  highlight  brightness,  except  for  a  few  point 
sources  such  as  headlights.  Therefore,  AC  and  DC  vary  together.  How¬ 
ever,  for  the  IR,  the  modulation  is  not  really  proportional  to  the  average 
value,  and  there  exist  large  area  sources  which  have  significantly  great 
modulation  with  important  small  details.  Because  of  this,  the  AC  and  ‘DC 
gain  versus  display  dynamic  range  question  becomes  important. 

Another  important  difference  is  the  effect  of  brush  or  camouflage  that 
tends  to  break  up  the  outlines  but  not  totally  block  the  object.  In  this 
case,  the  lack  of  real  shadows  and  the  tendency  for  the  object  to  be  its 
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Real  Scene  (Typical  Situation) 
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own  source  in  the  IR  causes  the  IR  system  to  provide  a  more  distinguish¬ 
able  image.  On  the  other  hand,  foreground  clutter  can  sometimes  be  range  - 
gated  in  ACTV  to  gain  the  same  end. 


Of  course,  the  effects  of  the  atmosphere,  the  moon,  etc.,  are  different. 


_ _  TV _ 

The  scene  to  be  viewed  consists 
of  a  source  or  a  number  of 
sources  of  radiant  energy,  an 
atmosphere  intervening  between 
the  source  and  an  object,  the 
object  itself  and  its  background, 
and  the  atmosphere  intervening 
between  the  object  and  the  ob¬ 
server  or  electro-optical  sensor. 
The  sources  may  be  either  natu¬ 
ral  such  as  the  sun,  moon  and 
stars,  or  auxiliary  such  as  a 
searchlight.  At  times,  the 
sources  can  be  a  combination 
of  natural  and  auxiliary 
sources.  However,  for  the  sake 
of  simplicity,  we  will  consider 
sources  to  be  either  predomi¬ 
nately  one  or  the  other  and 
will  analyze  the  cases  separately 
since  a  slightly  different 
approach  is  indicated  in  each 
case . 

A  wide  variety  of  natural  sources 
can  exist  including  the  sun,  stars, 


_ IR _ 

The  IR  system  viewing  the  scene  in 
the  large,  produces  a  TV-like  image. 
It  is  interesting  that  trees  and 
bushes  generally  appear  significantly 
warmer  (especially  tree  trunks)  than 
the  grassy  ground.  At  night,  the  re- 
fL  ction  of  trees  in  the  water  tends 
to  appear  even  warmer.  This  could 
occur  for  a  variety  of  reasons:  i) 
the  undersides  of  leaves  may  stay 
warmer  than  the  top  surfaces  due  to 
the  fact  they  cool  by  radiation  to  a 
warm  ground  rather  than  a  ccld  sky, 

2)  the  emissivity  of  the  leaves’ 
undersides  may  be  higher  because  of 
dew,  3)  the  sensor  viewing  the 
undersides  of  leaves  off  the  water 
sees  a  cavity  effect  inasmuch  as  the 
water  adds  radiation  and  the  reflec¬ 
tion  from  the  underside  of  a  leaf 
sees  another  leaf,  etc.,  so  as  to 
cause  a  blackbody  effect  while  the. 
top  of  the  leaf  reflects  the  sky. 

In  general,  water  appears  cold  due 
to  the  high  reflectivity  (low 
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TV 


IR 


moon,  and  skyglow.  Unnatural 
sources,  such  as  city  light  re¬ 
flected  off  low  clouds  and  even 
scene  floodlighting  when  the  flood¬ 
lights  are  not  at  or  near  the  sensor 
location,  will  nevertheless  be 
considered  as  natural  sources 
on  the  basis  that  the  scene  radi¬ 
ance  passes  only  once  through  the 
atmosphere  from  the  object  to  the 
sensor  rather  than  twice  as  is 
the  case  for  the  auxiliary 
source.  The  two  primary  classes 
of  natural  sources  are  those  which 
mainly  provide  diffuse  scene 
irradiance  and  those  which  pre¬ 
dominantly  provide  diiectional 
scene  radiance.  Clear  night 
starlight  and  heavy  overcast  sun¬ 
light  or  moonlight  represent  dif¬ 
fuse  sources  while  clear  day  sun¬ 
light  and  clear  night  moonlight 
would  be  examples  of  directional 
sources.  There  are  obviously 
cases  where  both  classes  of 
source  exist  together  and  are  of 
near-equal  importance  such  as  in 
light  overcast  sun  or  moonlight 
or  when  the  moon  is  new  or  when 


emissivity)  especially  at  glancing 
angles.  Looking  down,  as  with  a 
line  scanner,  the  reflectivity  may 
be  less  and  can  make  the  water 
appear  warmer. 

If  strongly  overcast  with  a  warm 

cloud  layer,  the  water  would  appear 

warmer.  It  has  been  shown  that 

clouds  can  cause  daytime  shadows 

that  cool  areas  or  can  be  seen  by 

reflection  (off  metal,  etc.), 

providing  an  apparent  increase  in 
2 

temperature . 

Of  course,  the  actual  temperature  of 
the  various  objects  is  important  and 
a  function  of  time.  Most  objects  in 
the  scene  get  their  energy  (heat) 
from  the  sun  (absorb  heat  during 
the  day  and  lose  it  at  night).  The 
process  depends  upon  the  atmospheric 
conditions,  the  degree  of  overcast, 
and  the  general  air  temperature.  If, 
as  at  Eglin  Air  Force  Base,  Florida, 
there  is  high  relative  humidity,  cloud 
cover,  and  an  ai  r  mass  where  temperature 
is  almost  constant,  the  temperature 
of  objects  in  the  scene  tends  not  to 


Experiment  for  Captain  Ki ya,  WPAFH>  hv  Dale  Creen  of  EOS,  Reported  in 
Reference  13. 
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either  the  sun  or  moon  are  low 
on  the  horizon  sxy. 

In  diffuse  light,  the  detect¬ 
ability  of  objects  would  be  ex¬ 
pected  to  be  relatively  inde¬ 
pendent  of  viewing  angle  since 
the  lighting  is  nearly  uniform 
in  all  directions,  and  the  ob¬ 
jects  are  shadowless  or  nearly 
so.  The  average  scene  constrasts 
also  would  be  expected  to  be 
lower  than  in  the  case  where 
lighting  is  directional.  With 
the  directional  lighting,  one 
expects  sharp  contrast  shadows 
but  object  features  may  become 
unrecognizable  except  at  certain 
viewing  and  source  angles.  For 
example,  a  black  and  white  bar 
pattern  on  a  panel  may  be  clearly 
discerned  when  the  moon  is  behind 
the  observer,  but  with  the  moon 
behind  the  panel,  the  panel 
appears  black. 

Naturally-irradiated  scenes  can 
assume  infinite  variety  depend¬ 
ing  on  the  relative  aspect  angles 
between  the  scene  object,  ob¬ 
server,  and  the  source  or  type  of 
source.  And,  it  becomes  most 


vary  from  day  to  night.  Everything 
stabilizes  at  air  temperature  as 
though  the  whole  system  were  inside 
a  blackbody. 

The  physical  characteristics  of  the 
scene  objects  also  affect  the  thermal 
inertia  of  the  objects.  Objects  with 
low  emissivity  tend  to  take  on  the 
temperature  of  the  air  with  a  lag 
determined  by  the  thermal  mass  (of 
the  object)  and  the  thermal  con¬ 
ductivity.  Materials  that  conduct 
poorly  are  apt  to  have  surface  tem¬ 
peratures  which  determine  their 
radiation  characteristics  and  which 
vary  quite  greatly.  Objects  with 
high  emissivity  are  more  likely  to 
have  their  temperature  strongly  in¬ 
fluenced  by  the  physical  character¬ 
istics  of  the  scene  objects  and  the 
radiation  characteristics  of  the  sky 
and  atmosphere . 

For  the  various  natural  objects,  the 
IR  scene  varies  with  aspect  angle, 
foreground,  and  background  as  well  as 
atmosphere.  The  following  sum¬ 
marizes  the  important  parameters 
and  their  general  relationships. 

The  emissivity  of  the  various  ob¬ 
jects  is  constant  with  time  (except 
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difficult  to  divide  the  number  of 
objects  into  a  reasonable  number 
of  cases  for  analytical  purposes. 
Hence,  it  is  usual  to  assume  that 
the  source  is  either  primarily 
directional  or  diffuse.  If  di¬ 
rectional,  it  is  assumed  that  an 
equivalent  diffuse  source  can  be 
defined. 

The  irradiance  levels  to  be  ex¬ 
pected,  whether  day  or  night,  are 
generally  tabulated  for  typical 
scenes.  Usually,  the  irradiance 
levels  are  measured  with  photom¬ 
eters  which  are  compensated  to 
have  a  spectral  response  similar 
to  that  of  the  unaided  human  eye. 
The  resulting  curves  such  as  that 
shown  in  Figure  6  may  or  may  not 
be  relevant  to  electro-optical 
sensors  which  can  have  an  en¬ 
tirely  different  spectral  band¬ 
pass.  The  subject  is  discussed 
in  some  detail  in  Reference  12. 
However,  it  is  assumed  that  uy 
some  means  a  natural  source  and 
scene  object  can  be  approximated 
by  an  apparent  source  and  object 
of  known  geometry  and  radiance 
level.  Usually,  the  apparent 
object  and  its  background  are  as¬ 
sumed  to  be  diffusely  reflecting. 


for  dew,  etc.)  but  a  function  of 
aspect  angle.  Therefore,  it  is  a 
function  of  time  when  the  sensor  is 
moving.  The  temperature  is  a  strong 
function  of  time  as  sky  conditions, 
air  temperature,  and  the  effects  of 
the  sun  vary  with  time.  The  appar¬ 
ent  temperature  of  various  areas  of 
the  scene  is  a  strong  function  of 
the  actual  temperature,  emissivity, 
and  background.  Man-made  objects 
exhibit  similar  but  different  char¬ 
acteristics.  They  often  have  their 
temperature  determined  by  heat 
sources  other  than  the  sun.  When 
the  sun  and  natural  conditions 
determine  the  temperature  variations 
on  man-made  objects,  they  present  a 
very  natural  TV- like  image.  When 
they  have  temperature  differences 
due  to  localized  heating,  the  image 
can  be  very  unnatural. 

A  truck,  for  example,  looks  like  a 
truck  when  heated  by  nature.  The 
cavity  under  the  truck  may  appear 
hot  if  viewed  from  an  angle,  since 
by  multiple  reflection,  this  has 
emissivity  of  unity  (cavity  effect). 
In  general,  it  appears  as  a  truck 
often  having  dark  metal  areas  due  to 
1 ow-emi ss i v i ty  surfaces  reflecting 
the  sky. 
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Figure  6.  Illuminance  Levels  on  the  Surface  of  the  Earth  due 
to  the  Sun,  Moon,  and  Light  of  th<*  Night  Sky 
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For  ACTV,  the  scene  is  usually 
front  lighted  but  may  also  be 
back  lighced*  depending  upon  the 
position  of  the  range  gate.  Un¬ 
like  natural  directional  sources, 
the  ACTV  scene  is  shadowless  or 
nearly  so.  Bodies  of  water  and 
glassy  areas  appear  nearly  black 
as  do  roads  and  screams  which 
appear  in  strong  relief.  Specular 
reflections  from  man-made  objects 
appear  to  be  much  more  commonly 
encountered . 

Bright  lights,  which  ordinarily 
saturate  the  passive  sensor  are 
of  little  conseque-.ee  to  the 
active  sensor.  Similarly,  the 
horizon  sky,  which  quite  often 
prevents  imaging  just  below  a 
horizon  treeline  for  the  passive 
sensor  (when  the  horizon  is  ir.  the 
field  of  view),  is  ignored  by  the 
ACTV  although  the  tree line  can 
still  be  discerned. 

The  variation  of  scene  irradiance 
from  foreground  to  background, 
expected  to  b  a  problem  with  ACTV 
has  been  a  less  s»rious  problem 


While  idling,  the  engine  and  exhaust 
become  very  hot,  exhibiting  localized 
areas  of  radiation  which  tend  to 
saturate  the  display.  If  the  system 
is  displaying  hot  as  white,  the  ex¬ 
treme  brightness  can  aid  detection 
but  degrade  recognition.  The  local¬ 
ized  heating  would  cause  the  hood  of 
the  truck,  in  fact  the  whole  engine 
area,  to  appear  very  bright.  By  re¬ 
versing  polarity  to  hot  as  black,  the 
picture  often  appears  more  natural. 

If  the  truck  is  moving  down  a  road, 
again  there  is  localized  heating,  but 
not  of  the  same  type.  The  hood  is  often 
cooled  by  the  airstr^am  and,  therefore, 
does  not  appear  hot.  The  exhaust  will 
still  be  hot  and  the  under  carriage  will 
now  be  very  warm  providing  a  hot  but 
usually  non-saturating  signature. 

The  tires  now  appear  hot. 

Similar  comments  can  be  made  regarding 
other  man-made  objects.  Tanks  have 
such  a  large  mass  they  nearly  always 
appear  warm,  the  exception  being  when 
parked  in  snow.  Even  a'i.er  not  running 
for  days  and  then  being  exposed  to 
rain,  a  tank  can  stand  out  as  a  uni¬ 
form  warm  blob  with  the  proper  outline. 


*Be  silhouetted 
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than  expected.  ACTV  systems  are  If  it  is  started,  the  engine  and  ex- 
of  course  independent  of  natural  haust  become  unnaturally  warm.  After 
scene  light  levels  so  long  as  running  around,  the  bogie  wheels  and 

the  natural  scene  lighting  is  not  treads  as  well  as  the  rest  of 

too  large.  However,  daylight  the  tank,  heat  to  provide  a  very 

operation  in  the  active  mode  is  natural  picture  except  the  whole 

precluded  with  the  currently  tank  is  very  warm  and  therefore 

available  exposure  duty  cycles  and  bright  when  operating  in  a  white 

sensor,  on-off,  gating  ratios  hot  mode, 

obtainable . 

Buildings  and  bridges  tend  to  look 
While  ACTV  systems  now  in  use,  the  way  one  would  expect.  For  ex- 

appear  to  have  a  significant  ample,  where  obvious  heating  is 

advantage  over  PATV  in  night  dominant  (i.e.,  smoke  stacks)  they 

operations,  they  have  not  been  tend  to  be  bright,  but  otherwise 

signif iciently  used  to  ootain  a  look  natural  (i.e.,  TV-like).  The 

good  feeling  for  their  overall  notable  exception  is  the  metal  roof 

imaging  qualities  or  capabilities,  of  a  Quonset  hut  which  tends  to  have 
In  general,  image  contrasts  are  low-thermal  inertia  and  low  emis- 

much  higher  as  oue  would  expect  sivity,  and  at  nignt,  reflects  the 

due  to  the  atmospheric  range  gat-  sky,  thereby  appearing  cold, 
ing,  but  also  are  much  higher  in 

general  than  was  expected  even  Han-made  objects,  on  or  near  water, 

taking  into  account  the  generally  have  reflections  which,  at  glancing 

higher  scene  reflectivities  in  aspect,  can  be  very  strong  and  even 

the  near  infrared.  confusing.  Other  flat  areas,  such 

as  roads,  can  also  exhibit  reflec¬ 
tions.  Roads  and  waterways  at 
glancing  angles  often  appear  cooler 
due  to  reflecting  the  sky.  An  arti- 
tificial  t  mperature  gradient  or  in¬ 
version  is  not  uncommon. 
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3.2.2  THE  EQUIVALENT  SCENE 


The  real  scene  is  a  complete  collection  of  objects  irradiated  by 
sources  which  vary  in  time  both  with  regard  to  location  and  intensity. 

As  was  previously  stated,  this  is  too  complicated  to  analyze  for  the 
general  case.  The  first  step  in  simplifying  the  situation  is  to  define 
an  equivalent  scene  of  reduced  complexity.  The  objects  in  the  equivalent 
scene  are  two  dimensional:  they  are  normal  to  the  sensor  at  the  proper 
range;  and  they  subtend  the  same  angles  to  the  sensor  as  did  the  actual 
objects. 

_ TV _ 

The  equivalent  TV  objects  have 
zero  emissivity  so  that  their 
radiation  characteristics  are 
solely  determined  by  their  equiv¬ 
alent  reflectivity  and  the  aver¬ 
age  scene  irradiance  level  . 

Each  object  in  the  scene  is  con¬ 
sidered  to  be  diffusely  reflect¬ 
ing  and  each  area  in  the  scene  is 
characterized  by  the  h'gh  light 
irradiance  level  and  its  appro¬ 
priate  equivalent  reflectivity. 

3.2.3  ATMOSPHERE 

In  both  the  cases,  TV  and  KL1K.  the  equivalent  scene  is  modified  by  the 
atmosphere  providing  the  apparent  scene.  The  radiation  signal  is 
attenuated  as  it  passes  through  the  atmosphere  and  the  atmosphere  adds 
a  uniform  masking  radiation  between  the  viewed  object  and  the  sensor. 
Small-scale  changes  in  the  index  ol  refraction  of  the  air  (turbulence, 
scintillation)  in  the  scene-sensor  path  degrade  the  geometrical  fidelity 
of  the  received  information. 


_ IR _ 

All  equivalent  IR  objects  have  emis¬ 
sivity  of  unity  so  their  radiation 
characteristics  are  determined  solely 
by  their  eq’;ivalent  temperature. 

There  are  no  reflections.  Instead, 
the  area  of  the  scene  has  an 
appropriate  equivalent  temperature. 
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In  fact,  the  atmosphere  is  probably  the  most  significant  uncontrolled 
parameter  in  the  electro-optical  performance  prediction  relationship 
and  can  cause  the  greatest  variations  in  predicted  ranges.  There  are 
two  reasons  for  this.  First,  it  is  difficult  to  predict  the  weather 
at  most  locations.  Second,  knowing  the  weather  conditions  at  ground 
level  it  is  often  not  possible  to  predict  the  slant  path  effect  on 
performance . 

Since  this  is  such  an  important  part  of  predicting  actual  performance, 
detailed  discussions  with  appendices  ate  presented  with  this  report. 

A  discussion  on  how  the  relative  effectivenesses  of  the  two  systems 
might  be  compared  for  different  atmospheres  is  presented  in  Section  IV. 


_ AC TV _ 

For  an  ACTV  system,  the  effect  of 
the  atmosphere  is  strongly 
related  to  the  source  and  its 
mode  of  operation  with  the  system 
(i.e.,  range-gated  or  not).  The 
system  source  may  be  a  simple 
searchlight  or  a  complex  light 
emitting  diode  (LED)  irray  or 
laser.  These  sources  may  be  used 
in  conjunction  with  a  simple  pas¬ 
sive  sensor  or  with  a  range-gated 
sensor.  The  ~.ource  is  considered 
to  be  near  the  sensor  and  to  sup¬ 
ply  sufficient  scene  irradiunce 
so  as  to  make  the  contributions 
of  natural  sources,  such  as  the 
moon,  negligible. 


_ IR _ 

Self-emission  from  the  atmosphere 
and  scattering  from  the  ground,  etc., 
cause  the  atmosphere  to  add  a  uni¬ 
form  radiation  level  to  the  scene. 

The  primiry  effect  of  the  atmosphere 
on  FLIR  performance,  however,  is  not 
this  background  effect  but  the  ex¬ 
tinction  of  the  signal  (&T  variations 
in  the  scene). 

At  the  wavelengths  of  interest  for 
KLIRs,  molecular  absorption  by  the 
atmospheric  constituents  is  a  sig¬ 
nificant  factor.  (This  has  been 
treated  by  many  models  the  most  com¬ 
monly  used  being  that  of  Altshuler.) 
The  first  order  selection  of  spectral 
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The  atmosphere  intervening  between 
the  system  source  and  object  has 
two  principal  effects  on  active 
imaging  systems.  First,  the  scene 
radiance  is  diminished  due  to 
scattering  of  source  radiation  out 
of  the  llne-of-sight:  and  secondly, 
a  portion  of  the  source  radiation 
may  be  backscattered  into  the 
sensor's  line-of-sight .  The  ap¬ 
parent  scene  radiance,  due  to  the 
extinction  of  source  radiation  by 
the  atmosphere,  is  given  by 


o  $ 

av  s  exp 


rrQ  R 
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bands  for  operation  of  FLIR  sensors 
is  determined  by  the  study  of  opaque 
versus  "window"  regions  of  atmospheric 
molecular  absorption.  The  "windows" 
normally  useful  for  FLIRs  are  nomi¬ 
nally  3  to  5  micrometers  and  8  to  14 
micrometers . 

Even  within  windows,  some  attenuation 
takes  place  at  almost  every  wave¬ 
length,  and  the  total  amount  of  pre- 
cipitable  water  vapor  in  the  scene¬ 
sensor  path  has  a  profound  effect  on 
the  extent  of  the  transmission 
window. 


Where  C  is  the  average  scene  re- 

*v 

flectivity,  $s  is  the  source  power, 
0fo  is  the  atmospheric  extinction 
coefficient  nea»-  the  object,  JT  is 
the  optical  slant  range,  is  the 
solid  angle  into  which  the  source 
radiates,  and  R  is  the  actual  range 
from  the  source  to  the  sensor.  The 
factor  of  2  in  the  argument  of  the 
exponential  term  expresses  the  fact 
that  the  source  radiation  is  dimin¬ 
ished  both  on  its  way  to  the  scene 
and  on  its  return  to  the  sensor. 

The  extinction  coefficient  is  a 
funcL*on  of  the  meteorological 
visibility  and  the  wavelength  oi 


It  is  axiomatic  that  if  radiation 
can  be  absorbed  at  any  given  wave¬ 
length,  then  the  absorber  can  also 
emit  radiation  at  that  same  wave¬ 
length.  Re-emitted  energy  is  usually 
not  a  problem  at  visible  wavelengths 
since  when  the  visible  energy  is 
ahsorbcd.it  heats  the  atmosphere 
am!  is  re-emitted  at  higher  wave¬ 
lengths.  Ba*  FLIRs  operate  on 
thermal  emissions  and  the  air  and  the 
objects  being  observed  are  at  about 
the  same  temperature.  In  the  theo¬ 
retically  optimum  FLIR,  the  s ingle - 
system  noise  source  Is  directly 
related  to  the  random  emission  of 
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the  source  radiation.  A  typical 
scene  radiance  vs  range  character¬ 
istics  is  plotted  in  normalized 
form  (L  /p  $c)  in  Figure  7  for 

S  cl  V  ^ 

various  meteorological  visibilities. 

Tha  second  major  effect  of  the 
atmosphere  is  to  decrease  image 
contrast.  The  contrast  reduction 
in  general  terms  is  given  by 


whore  tot  a 1  flux  returned 

to  the  sensor  and  $s  is  the  total 

signal  flux.  In  a  range-gated 

system,  a  short  pulse  of  radiation 

is  sent  to  the  scene  by  the  source. 

During  the  time  of  travel  of  the 

radiation  to  the  scene  and  i\s 

return,  the  fcnsor  is  gated  off. 

It  is  turned  on  at  the  precise  time 

that  the  pulse  returns.  With  a 

very  narrow  pulse  and  range -gate 

interval,  the  C  tC  ratio  is  cs- 
r  o 

sentially  unity.  The  case  for 
finite  pulse  durations  but  a  narrow 
range  gate  is  shown  in  Figure  d  and 
the  case  for  a  short  pulse  duration 
hat  various  range-gate  intervals  is 
shown  in  F igure  V 


photons  from  the  scene  and  interven¬ 
ing  atmosphere.  The  smaller  the  spec- 
tal  bandpass  of  the  FLIR  sensor,  the 
less  the  noise.  Including  an  opaque 
portion  of  the.  atmosphere  transmis¬ 
sion  spectrum  in  a  FLIR's  spectral 
bandpass  will  therefore  add  noise 
without  any  benefit  of  additional 
signal.  The  specific  selection  of 
the  spectral  bandpass  for  a  FLIR  is 
therefore  a  compromise,  maximizing 
available  signal-to-noise  over  a 
wide  spectrum  of  ranges  and  absolute 
humid i ties. 

At  FLIR  spectral  wavelengths, 

Rayleigh  scattering  is  completely 
absent  and  Mie  scattering,  or  more 
properly  Mie  extinction,  has  a  much 
different  characteristic  than  it 
does  for  visual  wavelengths.  At 
wavelengths  shorter  than  approxi* 
mutely  l  micrometer,  the  imaginary 
index  o!  liquid  water  is  virtually 
zero.  So,  ha^e  or  log  droplets  are 
essentially  perfectly  reflecting 
spheres  (or  non-absorbing  resonators 
act  or  ding  to  Mie's  theory).  However, 
at  wavelengths  corrmon  for  FLIR. , 
the  imaginary  index  of  liquid  water 
is  significant  and  an  appreciable 
amount  of  IK  energy  is  absorbed 
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In  summary,  the  parameters  for  pre¬ 
dicting  the  effect  of  the  atmo¬ 
sphere  on  range-gated  ACTV  perfor¬ 
mance  are  the  average  scene  re¬ 
flectivity,  .meteorological  visi¬ 
bility  near  the  scene  object, 
optical  slant  range,  source  pulse 
duration,  and  the  position  of  the 
object  in  the  range  gate. 

_ PATV _ 

For  a  passive  or  PATV,  the  atmo¬ 
sphere  has  three  principal  effects. 
First,  the  atmosphere  may  in  effect 
be  the  natural  source  as  in  the 
case  of  the  sun  just  below  the 
horizon.  In  this  case,  the  light 
scattered  by  the  atmosphere  is  the 
principal  source.  Secondly,  the 
scene  irradiance  is  diminished  due 
to  absorption  and  to  scattering  of 
natural  source  radiation  out  of  the 
path  between  the  source  and  object 
and  finally,  a  portion  of  the 
source's  radiant  energy  may  be 
scattered  into  the  sensor  1 s  line-of- 
sight.  The  levels  of  natural  scene 
irradiance  are  not  ordinarily  cal¬ 
culated  except  in  special  instances 
but  rather,  are  taken  from  tables 
and  curves  as  noted  above.  The 


by  the  water  droplet  and  re-emitted 
at  the  temperature  of  the  air. 

This  absorption  of  signal  energy  and 
the  scattering  of  signal  energy  out 
of  the  scene-sensor  path  serve  to 
reduce  the  effective  signal  at  the 
sensor.  Aerosol  extinction,  which  is 
a  strong  function  of  droplet  size  and 
therefore  relative  humidity,  is  dis¬ 
cussed  in  Appendix  I.  In  general, 
however,  due  to  the  wavelength 
dependence  of  Mie  extinction,  a  FLIR 
operating  in  the  infrared  wavelengths 
will  be  less  affected  by  a  given  haze 
or  fog  condition  than  will  a  TV 
sensot  operating  in  the  near  visible 
wavelengths . 

In  summary,  the  parameters  for  pre¬ 
dicting  the  effect  of  the  atmosphere 
on  IR  performance  are  relative  humid¬ 
ity,  temperature,  type  of  air  mass, 
range,  and  when  operating  at  high 
altitude  (especially  3-5  urn)  the  other 
gas  constituents.  For  8  to  14  microm¬ 
eter  radiation,  molecular  absorption 
is  a  function  of  the  total  water  in 
the  path.  For  high-relative  humid¬ 
ities,  the  transmission  is  dominated 
by  particulate  water  absorption  and 


34 


PATV 


IR 


main  effect  of  atmospheric  scatter¬ 
ing  of  radiation  into  the  line-of- 
sight  is  to  decrease  image 
contrast . 

_ TV _ 

In  dealing  with  atmospheric  effects 
on  contrast,  it  is  usual  to  define 
two  contrasts:  the  '’inherent"  con¬ 
trast  and  the  "apparent"  contrast. 
The  "inherent"  contrast  is  the  con¬ 
trast  of  the  object  at  range  zero 
but  along  the  line-of -sight  from 
the  observer’s  actual  position  at 
range,  R,  to  the  object.  The 
"apparent"  contrast  is  the  actual 
contrast  of  the  image  at  the  ob¬ 
server's  location.  (See  F igure  10 . ) 
The  most  general  law  for  atmos- 
spheric  contrast  reduction  is  given 
in  an  extremely  well  written  and 
interesting  reference  by  Middleton 
(Kef.  14)  as 

c  „  c  ( V  -  Nbo)  e-«o  R  (3) 

R  0  Vn  -  N.  /  v  ; 

or  br 

where  N  and  N,  are  the  object 
oo  bo 

and  background  radiance  at  zero 
range  respectively  and  and  N^ 
are  the  corresponding  quantities  at 
range,  R.  Also,  0fo  is  the  value  of 


scattering  and  is  a  strong  function 
of  particle  size  and  density  which  is 
a  strong  function  of  relative  humid¬ 
ity.  As  an  example  of  the  8-14  \im 
transmission  is  included  as  Figure  H. 

The  best  known  data  on  atmosphere 
transmission  in  the  IR  was  taken  by 
Taylor  and  Yates.  From  this  data 
Robert  Grube  of  EOS  developed  a  very 
simple  but  useful  nomograph  which  is 
much  more  pessimistic  than  the  opti¬ 
mistic  predictions  one  gets  with  most 
computer  programs  based  on  Altshuler. 
This  nomogram  only  holds  for  high- 
relative  humidity  and  is  simply  based 
on  empirical  fit  to  the  Taylor  and 
Yates  data.  Figure  12  is  a  copy  of 
Grube's  nomogram  reproduced  from  the 
High  Performance  IR  Systems  Study 
Report,  Reference  11. 

The  nomograph  utilizes  two  sources 
of  data.  First,  the  precipitable 
water  per  unit  path  length  is  deter¬ 
mined  using  Hudson’s  nomograph 
(Ref.  15).  By  adding  range  to  this 
nomograph,  precipitable  water  in  the 
path  can  be  determined  as  a  function 
of  relative  humidity,  temperature, 
and  range.  Second,  the  relationship 
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Atmospheric  Transmission  in  the  IR 


RANGE 


ick  Look  Technique  for  8  to  14 


TV 


IR 


the  atmospheric  attenuation,  or  ex¬ 
tinction,  coefficient  at  zero  range 
and  R  is  the  "optical  slant  range" 
and  represents  the  horizontal  dis¬ 
tance  in  a  homogeneous  atmosphere 
for  which  attenuation  is  the  same 
as  that  actually  encountered  along 
the  true  path  of  length  R. 


The  general  law  of  contrast  reduc¬ 
tion  by  the  atmosphere  depends  upon 
the  sky  condition,  viewing  angle, 
source  aspect  angle,  etc.  For  the 
special  case  of  downward  vision, 
which  is  the  most  important  case 
for  aerial  surveillance,  Middleton 
gives 


1  -1 


-K*  Rs 
e  o  ) 


(4) 


Where  S^/G^  is  a  quantity  dubbed 
the  "sky-to-ground  ratio".  Its 
value  is  estimated  to  be 

g-  (Overcast  sky),  (5) 

(Clear  sky).  (6) 

where  B  is  the  average  ground 
reflectivity. 


between  precipitable  water  and 
average  transmission,  as  derived 
using  Taylor  and  Yates'  measure- 
ments,  is  used  to  convert  pre¬ 
cipitable  water  to  average  trans¬ 
mission. 

The  procedure  for  using  the  nomograph 
is  as  follows:  for  the  example  shown, 
a  relative  humidity  line  for  80  per¬ 
cent  is  drawn  to  intersect  the  25°C 
temperature  line.  This  determines  an 
absolute  humidity  of  18.5  grams/m^. 

The  intersection  of  this  line  with  the 
10  km  range  line  yields  a  water  con¬ 
tent  of  18.5  precipitable  centimeters 
in  the  path.  The  continuation  of 
this  line  to  the  folding  line  provides 
an  average  transmission  value  of  33 
percent.  The  procedure  can  be  fol¬ 
lowed  for  other  parameters  as  neces¬ 
sary,  providing  the  pr.  cm  values  fall 
within  the  limits  shown:  1.3  pr.  cm 
and  28  pr .  cm. 
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In  summary,  the  parameters  for  pre¬ 
dicting  the  effect  of  atmosphere  on 
PATV  are  the  viewing  direction, 
average  scene  reflectivity,  sky 
condition,  meteorological  visi¬ 
bility,  and  optical  slant  range. 

For  both  TV  and  FLIR,  the  geometric  fidelity  of  the  scene  is  degraded  as 
the  optical  energies  pass  through  the  atmosphere  from  the  scene  to  the 
sensor.  The  general  term  for  the  effect  is  scintillation  (as  in  stellar 
scintillation)  although  ’’turbulence"  is  sometimes  applied  when  the  effect 
is  caused  by  wind. 

The  driving  function  for  scintillation  is  energy  transfer  through  the 
atmosphere.  Consider  a  clear  summer  night  with  moderate  relative  humidity 
following  a  hot  clear  day.  A  large  amount  of  energy  will  be  leaving  the 
earth's  surface  and  radiating  into  cold  space,  traversing  the  atmosphere 
in  the  process.  Air  is  opaque  in  portions  of  the  infrared  spectrum  where 
most  energy  from  a  blackbody  at  usual  earth  environment  temperatures  is 
emitted.  Tt.us,  in  moving  through  the  atmosphere,  the  earth-emitted  energy 
is  absorbed  and  re-emitted  by  successive  volumes  of  air.  "Adjacent" 
volumes  of  air  receive  energy  from  different  portions  of  the  earth  and  so 
a  dynamic  system  of  "cells"  (volumes-of-air)  is  created,  each  with  a  dif¬ 
ferent  temperature  above  or  below  the  average  air  temperature.  The  index 
of  refraction  of  air  is  a  function  of  temperature  so  the  cells  have  vary¬ 
ing  index.  A  plane  wave-of -l ight ,  entering  a  volume  of  cells,  will  emerge 
with  a  modified  wavefront. 

The  cells  have  various  sizes  and  grow  or  shrink  with  time.  The  temperature 
differences  (and  so  the  scintillation)  art?  strongest  near  the  ground.  The 
cells  are  blown  about  will)  wind. 
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For  small  angular  areas  within  the  sensor  f ield-of-view,  the  overall 
effect  of  the  source  to  sensor  atmosphere  path  can  have  two  components: 
a  focusing  lens  effect  and  a  wedge  effect.  The  adjacent  small  angular 
area  may  or  may  not  have  the  same  optical  effect.  It  depends  upon  the 
cumulative  effects  contributed  by  the  cells  along  the  two  separate  paths. 
Because  of  the  possibility  of  wedge  effects,  energy  from  a  single  point 
of  the  scene  may  arrive  at  the  sensor  by  two  different  length  paths 
(in  number  of  electromagnetic  cycles)  and  constructive  or  destructive 
interference  can  occur  for  that  point  in  the  scene.  The  effects  of 
scintillation  are  therefore  exhibited  as  both  geometric  and  amplitude 
distortion.  (A  shadowgraph  of  heat  rising  from  a  candle  flame  is  an 
example  of  a  related  effect.) 

If  a  long-time  exposure  photograph  is  made  through  a  scintillating 
atmosphere,  then  the  apparent  effect  on  the  system  is  as  though  the 
photographic  system  had  a  low  MTF .  The  effect  on  a  real-time  system 
such  as  TV  or  FLIR  is  also  similar  to  a  loss  in  MTF  but,  it  is  dynamic. 
These  dynamic  effects  on  images  are  only  now  being  subjected  to  rigorous 
exploration. 

3.2.4  THE  APPARENT  SCENE 

From  the  point  of  view  of  the  sensor,  it  is  looking  at  a  two-dimensional 
(angular)  radiation  pattern.  This  pattern  can  be  ceusid.^ed  to  be  the 
equivalent  scene  modified  by  the  atmosphere  and  converted  to  angular 
coordinates  by  the  range  to  the  targets.  Therefore,  the  apparent  object 
is  an  idealized  two-dimensional  (angular)  object  that,  if  viewed  through 
a  vacuum,  would  provide  the  same  image  at  the  output  of  the  imaging  system 
as  does  the  actual  object.  The  parameters  used  to  describe  the  apparent 
object  are  the  same  as  those  used  to  describe  the  equivalent  object  since 
the  apparent  object  is  the  equivalent  object  modified  by  the  atmosphere 
between  the  object  and  the  s.-nsoi.  The  following  gives  an  indication  of 
the  TV/1R  difference  while  discussing  the  defining  parameters. 
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For  a  TV  system,*  the  atmosphere 
reduces  the  contrast  due  primarily 
to  the  scattering  of  light  from 
various  sources  into  the  view  of 
the  sensor.  This  increases  the 
average  irradiance  of  the  scene 
whi?e  having  little  effect  on  the 
signal.  In  addition,  the  signal  is 
reduced  by  absorption  and  scatter¬ 
ing.  The  parameters  for  the  appar¬ 
ent  object  are  apparent  contrast 
(Ca)  with  the  peak  reflectivity 
equal  to  unity  and  apparent  high¬ 
light  irradiance  of  E^.  All  ob¬ 
jects  in  the  field  are  define*.1  as 
totally  diffuse.  Alternately,  r.he 
apparent  scene  can  be  defined  in 
ter^s  of  the  variation  in  irradi¬ 
ance  at  the  sensor  due  to  the  scene 
as  a  function  of  viewing  direction. 


The  IR  apparent  scene  is  made  up  of 
objects  with  emissivity  equal  to 
unity  and  varying  temperature.  The 
variations  in  temperature  are  those 
which  appear  to  be  present.  In  truth, 
they  are  actually  determined  by:  1) 
the  temperature  and  emissivity  of  the 
object  in  the  scene,  2)  the  radiation 
that  sources  reflect  from  the  scene, 
and  2)  the  atr.osphere  absorption  and 
emission.  It  must  be  remembered  that 
it  is  radiation  and  not  temperature 
variations  that  are  being  detected. 
Also,  that  the  spectral  distribution 
of  the  source  radiation,  the  atmo¬ 
sphere  absorption,  and  the  sensor 
sensitivity  must  be  included  in  th<» 
apparent  temperature  difference 
determinat ion . 


3.3  THE  MAN  AS  THE  FINAL  THRESHOLD  FOR  THE  SYS1 SM 


3.3.1  INTRODUCTION 

Up  to  now,  we  have  discussed  in  detail  t  lie  input  to  the  system.  lie  fore 
proceeding  with  the  analysis  .»f  the  hardware,  it  is  desirable  to  discuss 
the  man  as  an  element  of  the  system  since  he  does  in  fact  act  as  the 
final  threshold/decision  maker. 


*For  ACTV  the  amount  of  contrast  reduction  is  significantly  less  than 
for  PATV  and  often  negligible. 
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"On  a  clear  day,  one  can  see  forever."  While  the  popular  statement  is 
undoubtedly  optimistic,  it  is  certainly  true  that  one  can  see  the  sun  by 
clear  day,  and  the  stars  by  clear  night,  at  considerable  distance.  From 
a  more  practical  viewpoint,  the  objects  of  our  attention  are  more  likely 
to  be  more  mundane  terrestrial  objects  at  modest  range.  These  objects 
may  be  seen  with  greater  or  lesser  clarity  depending  on  the  acuity  and 
sensitivity  of  the  observer  and  the  range,  size,  and  incremental  exitance 
of  the  object.  Sometimes,  it  will  not  matter  whether  the  object  is  seen 
at  a  given  level  of  discrimination  or  not  while  at  other  times  it  may  be 
vital.  In  general,  our  concern  will  tend  to  favor  those  conditions  under 
which  the  observer  is  highly  motivated  to  observe  scene  objects  with 
some  intended  purpose  in  mind  such  as  navigating  in  a  boat  or  aircraft, 
detecting  a  criminal  act,  or  differentiating  between  friend  or  foe. 

Supposing  the  observer  to  have  some  purpose  in  searching  for  scene 
objects,  it  follows  that  he  must  observe  the  object  at  sufficient  range 
if  the  intended  purpose  is  to  be  served.  For  example,  it  is  of  little 
comfort  to  detect  the  presence  of  another  aircraft  too  late  to  avoid  it. 

Thus,  the  range  at  which  an  object  can  be  observed  with  "sufficient  clarity" 
to  perform  some  useful  task  is  of  considerable  interest.  The  words 
"sufficient  clarity"  should  be  stressed.  In  one  case,  it  may  be  sufficient 
to  merely  detect  a  blob  such  as  a  channel  buoy.  In  other  cases,  a  much 
higher  level  or  object  detail  is  needed.  For  example,  it  is  of  no  use  to 
televise  and  record  a  ourglary  if  the  recording's  acuity  is  insufficient 
to  identify  the  burglar  in  a  court  of  law.  In  the  usual  case,  by  range, 
we  imply  the  maximum  range  at  which  we  can  just  barely  resolve  the  object 
if  it  is  the  mere  presence  of  the  object  in  which  ue  are  interested.  If 
the  object  such  as  the  burglar  is  to  be  identified,  then  we  would  be 
interested  in  the  maximum  range  at  which  the  subject's  features  can  barely 
be  discerned.  In  short,  range  implies  a  threshold,  but  the  threshold 
depends  upon  the  level  of  object  discrimination  required.  The  various 
levels  of  discrimination  usually  defined  are  detection,  orientation, 
recognition,  and  i dent ij icat ion. 


43 


The  primary  interr—  ■»«>*-,.  ;n  is  in  the  performance  of  a  man  augmented  by  an 
electro-optical  sensor,  it.  used  is  to  associate  a  signal-to- 

noise  ratio  with  an  image  as  it  appears  on  the  output  of  the  sensor’s 
display  and  then,  the  sigiial-io-noi.se  ratio  required  by  the  observer  is 
determined  through  experimentation.  By  relating  the  uignal- to-noise  ratio 
required  by  the  observer  to  that  provided  by  the  sensor,  threshold  range 
can  be  computed.  In  this  analysis,  the  image  signal-to-noise  ratio  is 
computed  on  the  basis  of  an  equivalent  test  object  of  simple  geometry  but 
with  characteristics  like  the  real  object.  The  premise  is  that  the  detect¬ 
ability  of  a  simple  test  object  can  be  correlated  with  the  detectability, 
recognizabil ity ,  or  identif iabil i ty  of  the  real  object  by  suitably  select¬ 
ing  the  parameters  of  the  test  object. 

For  any  given  system  and  set  of  scene  variables,  the  range  at  which  the 
man  can  perform  his  task  becomes  the  parameter  of  interest.  What  follows 
will  be  aimed  at  predicting  ranges. 

The  task  will  therefore  be  the  three  related  tasks  of:  detection,  recogni¬ 
tion,  and  identification.  Whi  le  detect  ion  ean  be  thought  of  (in  most  cases) 
as  independent  of  the  others,  the  other  tasks  are  successively  higher  order 
tasks  dependent  up”>n  the  successful  completion  of  the  lower  order  tasks. 

We  can  speak  of  the  probability  of  detection  without  implying  recognition 
but  the  probability  of  recognition  implies  that  the  object  was  fi-st 
detected.  Therefore,  we  can  consider  the  conditional  probabilities: 

P(D)  *  Probability  of  detection 
P(R/D)  *  Probability  of  recognition  given  detection 
P < I /U )  *  Probability  of  identification  given  recognition 

Actually,  the  probability  of  detection  will  be  unity  whenever  enough  in¬ 
formation  for  recognition  exists.  However,  the  concept  is  worth  express¬ 
ing  since  time  may  be  limiting  the  scutch  volume  and  PiD).  The 
probability  of  identification  P< t )  then  becomes 

P(I)  •  PU/RJ  P(R /**>  PCD)  <7> 
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We  will  first  consider  the  simplest  case,  the  one  upon  which  all  higher- 
order  cases  depend,  that  of  detection. 

3.3.2  CONCEPTS 

The  basis  of  what  follows  is  that  the  observer  (brain)  is  a  spatial  and 
temporal  integrator  over  the  conditions  of  interest  and  makes  a  detec¬ 
tion  based  upon  statistical  significance,  i.e.,  a  spatial  distribution  of 
brightness  appears  statistically  significant  (brighter  or  darker)  compared 
with  the  surround.  Because  of  this,  only  the  perceived  signal-to-noise 
ratio  matters.  To  clarify  these  statements,  we  must  define  spatial  and 
temporal  integration,  perceived  signal,  perceived  noise,  and  resolution. 

3. 3. 2.1  Temporal  Integration 

A  temporal  integrator  is  a  device  which  integrates  over  time.  Tf  a  con¬ 
stant  amplitude  innut  is  applied,  the  output  response  is  proportional  to 
the  duration  of  time  over  which  the  input  is  applied.  For  the  eye,  if 
the  total  duration  of  a  light  stimulus  is  much  less  than  O.i  second,  the 
response  is  proportional  to  the  duration  of  the  input.  Extending  the 
duration  of  exposure  can  be  traded  off  directly  with  increasing  amplitude. 
For  longer  response  limes,  as  the  duration  is  extended,  the  operator’s 
memory  gradually  fails  until  no  additional  integration  occurs.  That  is, 
the  operator  acts  as  an  imperfect  integrator  vith  an  Integration  time  of 
between  0.05  ami  I  second. 

The  effect  of  the  phenomenon  that  is  of  interest  here  occurs  if  an 
observer  is  presented  with  a  noisy  pictuie  in  a  repetitive  fashion.  First, 
if  the  rate  is  greater  than  about  2*>  ips,  it  will  usual  1\  appear  to  be  a 
continuous  presentation*  Second,  it  tin.  noise  1 1  om  f  rame-lo-t  rame  (picture- 
to-picture)  is  uncorrelated  « independent >  while  the  picture  is  the  same, 
the  picture  will  appear  to  have  a  higher  signal -t o-uoi sc  ratio  than  any 
particular  frame.  This  second  tesult  occurs  because  of  the  effects  oi 
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integration  on  noise.  If  the  noise  is  random,  then  the  total  noise 
is  proportional  to  the  square  root  of  the  integration  time.  Since  the 
signal  increases  proportionally  to  time  and  the  noise  only  as  the  square 
root,  the  signal-to-noise  ratio  increases  as  the  sqaure  root  of  time  or 
as  the  square  root  of  the  number  of  frames  per  integration  time. 

Film  is  a  good  integrator  over  a  limited  region  of  time.  Since  it  is 
nearly  perfect  over  its  linear  range,  there  is  relatively  no  decay  of 
signal  and  consequently  it  will  saturate  if  the  integration  time  is  too 
long.  However,  by  using  a  finite  time  for  the  integration  and  by 
synchronizing  a  perfect  integrator  with  a  signal,  one  can  indicate  the 
gain  due  to  integration  that  is  available.  The  actual  signal  integration 
time  is  a  function  of  the  display  brightness.  At  high  brightness  levels, 
it  may  be  as  low  as  0.05  second  while  at  low  display  brightness,  it  may  be 
much  longer  but  is  typically  0.1  second.  Section  8.9  of  Reference  16 
presents  an  interesting  discussion  on  this  subject  which  indicates  that 
training  improves  the  memory  of  the  observer  for  some  specific  cases  and 
that  by  using  long  persistence  phosphors  to  increase  integration  time 
(memory)  it  requires  a  very  long  phosphor  decay  time  (seconds)  to  show  any 
improvement  in  signal-to-noise  ratio.  There  are  a  number  of  reasons  to 
believe  that  the  integration  time  varies  with  average  scene  brightness. 

An  effective  integration  time  of  0.1  second,  which  is  believed  consistent 
with  the  usual  display  brightness,  will  be  used  here  for  calculating  the 
improvement  in  perceived  signal-to-noise  ratio  due  to  integrating  a  number 
of  independent  frames.  Therefore,  for  a  30  fps  system,  the  perceived 
signal-to-noise  ratio  will  be  ^*3  times  the  single  frame  signal-to-noise 
ratio . 

3 . 3 . 2 . 2  Snatial  Integration 

For  our  purposes,  a  two-dimensional  spatial  integrator  is  a  device  which 
has  an  output  proportional  to  the  integral  of  the  signal  over  a  two- 
dimensional  area.  The  eye/brain  appears  to  function  as  a  two-dimensional 
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synchronous  integrator,  integrating  only  over  the  area  of  the  object  for 
objects  of  angular  extent  less  than  0.5°.  It  appears  that  for  white 
noise,  the  brain  perceives  a  signal-to-noise  ratio  which  improves  as  the 
square  root  of  the  area  of  ar  object  as  would  be  the  case  if  the  brain 
indeed  integrated  over  the  area  of  the  object.  That  is,  the  signal  upon 
which  a  detection  decision  is  based  is  proportional  to  the  area  of  the 
target  and  the  noise  is  proportional  to  the  square  root  of  the  area  of 
the  object. 

This  hypothesis  has  been  extensively  stated  and  empirically  shown  for 
the  noisy  display  case  for  both  film  and  TV  by  0.  H.  Schade,  Sr.,  (Ref.  5). 
Detection  tests  by  F.  Rosell  (Ref.  12)  have  shown  that  this  relation  is 
nearly  perfect  for  targets  of  different  shape  and  aspect  ratio  over  a 
considerable  range.  All  this  work  assumes  that  the  TV  or  film  is 
linear,  i.e.,  small  signals  on  a  brightness  threshold  are  being 
considered . 

3 . 3 . 2 . 3  Perceived  Signal 

The  perceived  signal  is  the  signal  which  the  operator  appears  to  use  to 
make  the  detection  decision.  it  includes  the  spatial  and  temporal 
integration. 

3 . 3 . 2  .  A  Perceived  Noise 

The  perceived  noise  is  the  noise  which  appears  to  affect  the  operator 
when  he  makes  the  detection  decision.  It  includes  t lie  spatial  and 
temporal  integration.  It  is  not  the  noise  lie  at  knowledges  seeing. 

3 . 3 . 2 . 3  The  Kye  Response  Function 

The  optical  part  of  the  eye  has  an  MTK  which  should  be  considered  as  a 
component.  This  MTK  was  measured  by  F.  W.  Campbell  (Ref.  17  and  from 
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his  data  we  have  found  the  eye  to  have  a  resolution  as  defined  in 

Appendix  II  as  (r  )  equal  to  1  to  2  mrad  depending  on  pupil  diameter 
eye 

(i.e.,  brightness  level).  0.  H.  Schade,  Sr.,  also  determined 
Figure  13  represents  *eye  versus  brightness  from  both  sources.  In  addi¬ 
tion  r  as  derived  from  Blackwell’s  data  and  theory  presented  in  the 
eye  r 

following  is  also  presented  in  Figure  13,  -  it  includes  total  eye  effects. 

Since  the  eye  views  the  display,  which  has  an  angular  subtense  related 
to  the  angular  subtense  of  the  sensor  by  the  system  magnification,  the 
resolution  of  the  eye  appears  to  be  improved  by  the  magnification. 

That  is,  in  object  (target)  space  the  eye  has  a  resolution  r  / M  where 
M  is  the  system  magnification.  M  is  defined  as  the  ratio  of  the  angle 
subtended  by  a  target  at  the  eye  to  the  angle  subtended  in  object  (target) 
space,  lor  example,  if  the  system  had  a  magnification  of  10,  a  target 
subtending  1  mrad  to  the  sensor  would  appear  as  10  mrad  to  the  eye  or 
the  eye  would  appear  to  have  0.1  to  0.2  mrad  resolution  in  object  space. 

Figure  14  summarizes  the  above  statements  for  a  system  consisting  of  a 

sensor  and  display.  Figure  15  then  is  a  plot  from  this  (approximate) 

analysis  showing  the  effect  of  display  size  (magnification),  on  the  total 

effective  resolution.  As  will  be  shown,  effective  resolution  (r  )  is 

tot 

inversely  proportional  to  recognition  range  for  a  non-absorbing  atmo¬ 
sphere  and,  therefore,  it  is  to  be  optimized.  As  the  display  size 
(magnification)  is  increased,  the  total  resolution  becomes  equal  to  the 
system  resolution  «nd,  therefore,  independent  of  t lie  eye  limitation." 

When  the  system  resolution  equals  th<*  eye  resolution  divided  by  the 
magnification,  70  percent  of  the  maximum  range  is  possible.  Higher 
magnification  improves  rfot  (also  range)  slowly,  but  lower  magnifications 
degrade  performance  significantly.  This  is  more  clearly  shown  in  Figure  16 


It  should  be  remembered  that  this  discussion  of  display  size  does  not 
include  the  effect  of  raster  or  other  display  blemishes.  If  these  blemishes 
are  pronounced,  it  nay  be  best  to  sacrifice  total  resolution  so  that  the 
operator  is  not  preoccupied  with  them.  A  strong  raster  line  should  never 
subtend  more  than  0.5  mrad  per  line  at  the  eye. 
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BRIGHTNESS,  ft.  lamberts 

Figure  13.  Equivalent  Resolution  of  Human  Eye  Optics 
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By  the  definition  tie  lesolution  of  the  total  (rtol)  for  a  perfect  system 
would  be  r^y^/M.  Ihis  tigure  therefore  indicates  how  much  of  the  total 
resolution  is  a  result  of  the  display  being  too  small  i.e.t  insufficient  >1 
The  ordinate  is  essentially  display  si.:e. 

Figure  la.  The  Effect  of  Magnification  (Display  Size)  on 
Total  Resolution 
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which  is  simply  another  way  of  showing  Figure  15  with  a  1  mrad .  This 

curve  can  easily  be  applied  to  existing  systems.  For  a  system  with  an 

M  =  7.5  (e.g.,  a  6-inch  horizontal  display  at  26-inches  to  display  a  3.3° 

horizontal  f ield-of -view)  and  an  r  =0.25  then,  if  r  =1.5  mrad 

sys  eye 

(brightness  «  1  f oot-lambert) 


M, 


=  6 


1.25 


(8) 


and  r  would  be  about  75  percent  of  r  .  For  lower  average  brightness 
sys  *  tot  °  ° 

(r  r  2  mrad)  this  would  be  degraded.  If  the  vibration  and  other 
eye 

environmental  factors  are  considered,  an  r  ^  3  3  to  4  mrad  may  not  be 
unreasonable . 


3.3.3  DETECTION 


The  probability  of  detecting  an  object,  given  that  the  operator  is 
looking  at  the  object,  includes  two  non-mutual ly  exclusive  cases:  non¬ 
clutter  limited  (uniform  background)  detection  and  clutter-limited 
detection . 

The  first  case  is  where  the  target  is  in  a  relatively  uncluttered 
environment  li.e.,  on  the  road)  but  the  ability  to  detect  is  limited  by 
random  (Gaussian)  noise.  (Fixed  noise  and  blemishes  should  be  treated 
separately.)  The  operator  is  viewing  t  lie  display,  trying  to  detect  an 
anomaly  in  a  relatively  uniform  area.  Ship  or  headlight  detection  nay 
be  an  ideal  example.  The  Viiso  free"  (contras:  limited)  situation  is 
a  special  elementary  subcase  of  this  case  ami  will  be  discussed  first. 
The  analysis  of  this  first  case  provides  the  basis  for  most  of  the 
detection  and  recognition  theories  presented  in  this  study  and  therefore 
will  be  given  the  greatest  attention.  It  is  based  upon  l lie  work  of 
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0,  H.  Schade,  Sr.  (Ref.  5),  H.  L.  De  Vries  (Ref.  18),  H.  R.  Blackwell 
(Ref.  19),  and  others  (Refs.  19  through  23)  and  simply  applies  their 
theories  and/or  empirical  results  to  the  operation  of  an  electro-optical 
system. 

The  second  case  is  when  the  difficulty  in  detecting  is  caused  by  a  need 
to  recognize  the  target  from  the  clutter.  This  is  the  case  where  false 
targets  and/or  camouflage  have  rendered  detection  to  a  condition  of 
recognition.  This  is  an  extremely  complicated  case  requiring  the  system 
and  man  to  extract  and  possibly  filter  enormous  amounts  of  information 
from  the  scene  and  object.  For  this  case,  it  is  anticipated  that  detec¬ 
tion  may  be  by  prebriefing  and  context.  Such  cases  are  often  presented 
as  visual  puzzles  and  the  analysis  of  these  cases  can  be  very  difficult, 
but  an  empirical  model  has  been  advanced  by  J.  Johnson  (Ref.  24)  as  part 
of  his  unified  detection/recognition  theory  and  will  be  used  with  inter¬ 
pretations.  A  special  subcase  of  this  second  case  is  the  situation  where 
a  raster  acts  as  clutter  interfering  with  detection.  This  will  also  be 
discussed . 


3. 3. 3.1  The  Man  as  a  Detector,  Theory  A--Non  Clutter 

3. 3. 3. 1.1  Noise-Free 

Much  work  has  been  done  investigating  the  effectiveness  of  the  unaided 
man  as  a  detector.  One  of  the  more  well  known  experimentalists  is 
H.  R.  Blackwell.  Between  1943  and  1957  be  made  a  comprehensive  series 
of  measurements  of  contrast  thresholds  at  various  object  sizes,  back¬ 
ground  luminances  and  exposure  limes.  And,  while  more  recent  work  can 
be  quoted,  this  examination  clearly  covers  the  parameters  of  interest. 

The  objects  were  disks  presented  against  uniform  backgrounds  of  luminance 
B  and  contrast  AB/^. 


Measurements  were  unde  by  the  "temporal  forced-choice"  method.  Observers 
were  required  to  look  at  a  continuously-presented  background ,'f  The  object 
was  presented^  for  its  stated  duration,  in  only  one  of  four  possible 
temporal  intervals,  each  of  2  seconds  duration.  The  observer  had  to  indi¬ 
cate  that  he  had  discriminated  the  presence  of  che  object  by  correctly 
identifying  the  interval  in  which  it  appeared.  That  contrast  level 
which  corresponds  to  detection  50  percent  of  the  time  is  known  as  thresh¬ 
old  centrist.  Measurements  were  made  for  visual  angles  of  0.3  to  17.5 
mrad,  exposure  times  of  0.01  to  1  second,  and  backgrounds  from  0.001  to 
1000  foot-lambert.  Table  I  shows  the  results.  Figure  17  shows  the 
variation  of  brightness  threshold  with  object  size  and  background 
brightness  for  1-second  exposure.  (Reference  11.) 

This  plot  indicates  many  interesting  aspects  on  how  the  operator  actually 
functions.  For  a  brightness  of  1  foot-lamberL ,  the  operator  appears  to 
do  spatial  integration  over  either  the  optics  blur  (later  discussions 
will  clarify  this  statement)  or  the  target  up  to  an  object  size  of  about 
3  mrads  at  which  size  the  integration  tends  to  fail  and  *B  becomes  con¬ 
stant  (as  it  does  with  temporal  integration).  In  fact,  this  relationship 
seems  to  occur  for  all  brightnesses  with  the  failure  occurring  as  a  maxi¬ 
mum  integrated  signal  is  reached.  Assuming  that  the  noise  is  photon  noise, 
(when  the  brightness  is  high)  as  discussed  by  A.  Rose,  (Ref.  20)  it  is 
proportional  to  This  indeed  appears  to  be  the  case  down  to  a 

brightness  of  less  than  0.1  f oot -lambert  where  some  internal  noise  (in 
the.  eye-brain)  seems  to  take  over  and  AH  becomes  unaffected  by  the  average 
brightness.  Therefore,  detectable  brightness  curves  for  0.01  and  0.001 
foot-lambert  are  near  identical  to  the  U.l  foot-lambert  case. 

It  is  interesting  that  while  the  breakpoint  for  the  long  exposure  data 
is  at  0.9  mrad  (indicating  r^  of  the  eye  -  0.9  mrad)  the  short  exposure 

The  background  or  noise  is  presented  continuously  win  le  the  signal  is 
onlv  presented  in  a  flash.  Therefore,  S/N  improves  directly  with  ex¬ 
posure  time  until  the  integration  starts  to  fail. 
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CONTRAST  THRESHOLDS  AT  VARIOUS  OBJECT  SIZES, 
BACKGROUND  LUMINANCES  AND  EXPOSURE  TIMES 
(BLACKWELL  1957) 
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Figure  17.  Variation  of  Threshold  Brightness  with  Respect  to  Target 
Size  and  Background  Brightness 
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data  breaks  at  1.5-2  mrad  indicating  that  eye  resolution  is  poorer. 

This  may  be  attributable  to  retinal  enhancement  for  1-second  times  that 
cannot  occur  when  exposure  is  only  0.001  second;  i.e.,  eys  jitter  is  not 
fast  enough.  This  could  mean  that  the  eye  may  perform  poorer  with  TV  or 
FLIR  than  with  photographs. 

3. 3. 3. 1.2  Noisy  linage  Case 

There  is  a  difference  between  detecting  disks  on  a  uniform  back¬ 
ground  which  represents  a  noise-free  scene  and  detecting  objects  in  a 
noisy  scene  such  as  a  televised  scene.  It  has  been  the  effort  of  0.  H. 
Schade,  Sr.,  and  more  recently  the  coauthor,  F.A.R.,  to  extend  the 
experiment  to  the  noisy  image  case.  Their  efforts  have  again  shown  the 
brain  to  act  as  a  spatial  and  temporal  integrator  with  a  fixed  threshold 
based  upon  perceived  slgnal-to-noise  ratio. 

While  delaying  the  proof  until  a  later  section  it  is  worth  stating  that 
the  display  signal- to-noi se  SNRa“  ratio  is  (see  subsection  3. U. 6. 8.1) 
related  to  the  video  signal-to-noi se  ratio,  SNRV  as  measured  in  a  TV 
camera’s  electrical  channel  for  simple  aperiodic  objects  (squares, 
rectangles,  etc.)  as 

SSRp  -  '2t  i(v  <a/A)'!'2  SN*KV  (9) 

where  t  is  the  observer's  integration  time,  Afv  is  the  video  bandwidth 
and  a/A  is  the  image  area  •normalized  to  the  entire  raster  area.  The 
relationship  between  the  SNRp  and  SNRV  was  first  suggested  by  Coitman 
and  Anderson  (Re!.  20)  and  provides  a  convenient  method  ol  generating 
ncisy  test  ’mages  lor  use  it;  psychophysical  experiments.  1:  should  be 
noted  that  the  above  equation  only  holds  for  images  front  sensors  with 
ideal  MTF ‘ s  but  that  useiui  threshold  signal-to-noise  ratios  that  can 
be  extrapolated  to  ron-ideal  cases,  can  be  derived. 


* 

(SNK)^  is  the  (SNR)^  !cr  an  optimum  display. 
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A  typical  result  of  psychophysical  experiments  using  rectangles  as  test 
objects  is  shown  in  Fr’gure  18.  Here,  we  show  the  probability  of  detec¬ 
tion  versus  SNR^,  for  four  different  rectangles.  In  the  experiment,  the 
test  objects  could  appear  in  four  different  locations  on  the  display. 

The  observer  response  was  forced  and  the  probabilities  obtained  were 
corrected  for  chance.  The  largest  rectangle  subtended  0.13°  x  6.02°  at 
the  observer's  eye,  implying  that  the  observer  can  spatially  integrate 
over  very  large  angles. 

In  a  second  series  of  experiments,  squares  were  used.  The  threshold 
SNR^  s  obtained  (50  percent  probability  of  detection)  are  shown  in 
Figure  19.  The  thresholds  are  seen  to  be  quilt*  constant  for  squares  of 
angular  subtense  from  0.1  to  0.5°  but  increase  for  smaller  squares  and 
larger  squares.  The  increase  for  the  smallest  square  is  attributed  to 
the  MTF  of  the  eye.  The  results  for  the  large  squares  are  in  apparent 
contradiction  to  the  results  cot  a  it**'!  in.  the  previous  experiment.  The 
proposed  explanation  is  that  the  eye  lias  a  differentiating  *»f  fet  t  on 
images.  The  long  thin  rectangles  are  nearly  all  edge  and  the  eye  can 
make  use  of  the  total  image.  For  large  squares,  the  eye  can  make  use 
of  only  the  perimeter  of  the  square.  This  effect  and  the  results  of 
a  large  number  of  other  psychophysical  experiments  including  those 
discussed  below  are  detailed  i  keie  rente  12. 

In  summary,  the  threshold  display  s i y nu 1  - 1 o-no i se  ratios  required  for 
isolated  ape!  iodic  oh  jet  t  s  on  a  uni  !  background  are  quite  well  known. 
The  average  value  ol  the  tiueshoid  is  about  2.H  using  Kq.  9  a 'id  a  value 
of  f  .  1  second  for  the  observer's  integration  time. 

While  isolated  apei iodic  objects  amid  a  unilorm  bat kgrouml  are  sometimes 
of  interest  as  in  the  case  Ol  detect ing  aiittalt  against  the  hoiivon  sky, 
it  is  more  usual  to  be  searching  to?  objects  amid  some  degre  *  ot  clutter. 
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DISPLAY  SIGNAL -TO-NOISE  RATIO 


Figure  18.  Corrected  Probability  of  Detection  vs  SNR^ 

required  for  Rectangular  Images  of  Size  O  4  x  A, 
O  4  x  64,  44  x  128,  and,  x  4  x  180  Scan  Lines. 
Televised  Images  at  30  frames  per  second  and 
525  Scan  Lines  Dv/Dh  =3.5 
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THRESHOLD,  SNR 


ANGULAR  WIDTH  OF  SQUARES,  degrees 

.06  .13  .27  .53  1.07  2.14 


WIDTH  OF  SQUARE,  sc  art  lines 


Figure  19.  Threshold  SNR^  required  to  detect  Square  Images  of 
Various  Size  and  Angular  Extent 
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3 . 3 . 3 . 2  The  Man  as  a  Detector,  Theory  B--Clutter  Limited 


As  we  noted,  uniform  backgrounds  are  seldom  encountered.  Usually  there 
will  be  background  clutter  which  can  range  from  comparatively  simple  to 
highly  complex.  For  objects  amid  modest  clutter,  it  has  been  suggested 
that  detection  just  occurs  when  the  object  just  subtends  one  cycle  of 
the  spatial  frequency  (or  2  TV  lines)  which  can  just  be  resolved.  In 
this  criterion,  we  replace  the  object  by  an  equivalent  bar  pattern  as 
described  in  the  next  section.  The  equivalent  bar  pattern  should  have 
the  same  incremental  signal  as  the  object  and  the  width  of  one  bar 
should  be  half  the  minimum  object  dimension.  This  concept  was  first 
proposed  by  J.  Johnson  of  the  Ft.  Belvoir  Night  Vision  Laboratory  (Ref.  24) 
and  was  shown  to  have  some  validity  through  a  series  of  experiments. 

As  will  be  shown  in  the  sensor  analysis,  the  isolated  object  criterion  is 
essentially  identical  to  the  Johnson  one-cycle  criterion  for  targets  sub¬ 
tending  angles  much  greater  than  the  resolution  (defined  in  subsection 
3. 4. 3. 2)  of  the  system  and  that  it  leads  to  predicting  much  largei  ranges 
than  the  Johnson  criterion  as  the  targets  become  small.  While  the  ability 
to  detect  very  smal 1  targets  requires  the  aperiodic  theory,  it  should  be 
remembered  that  ras‘  r  and  other  limits  tend  to  reduce  the  ranges  obtained 
thereby  further  supporting  the  one-cycle  criterion.  In  general,  it  is 
felt  that  the  one-cycle  criterion  is  clearly  too  harsh  for  objects  amid 
a  uniform  background  and  may  even  be  too  harsh  for  objects  amid  com¬ 
paratively  simple  clutter,  such  as  a  vehicle  on  a  road.  On  the  other 
hand,  the  one-cycle  criterion  would  not  be  nearly  stringent  enough  for 
objects  in  severe  clutter  which  would  be  the  case  in  detecting  small 
vehicles  amid  trees  of  size  similar  to  the  vehicles. 

Very  few  definitive  psychophysical  experiments  exist  for  this  detection 
case.  As  an  interim  measure,  we  suggest  the  following  criteria.  For 
objects  amid  a  uniform  background,  use  the  theory  A.  For  objects  amid 
a  slight  amount  of  clutter  such  as  a  vehicle  on  a  large,  paved  highway 
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or  an  aircraft  on  a  runway,  use  both  the  isolated  image  and  one-cycle 
criteria  and  average  the  range.  For  objects  in  modest  clutter  such  as 
vehicles  in  a  field  with  low  brush,  use  the  one-cycle  criterion.  For 
objects  in  severe  clutter,  use  the  recognition  criterion  of  subsection 
3.3.4.  As  is  readily  discerned,  considerable  judgment  must  still  be 
exercised  in  predicting  detection  ranges. 

3 . 3 . 3 . 3  The  Man  as  a  Detector,  Theory  C--Raster  Limit 

While  theories  A  and  B  describe  the  limits  of  detection  for  non-raster 
limited  systems,  it  is  important  that  a  strong  raster  can  confuse  or 
preoccupy  the  operator  almost  to  the  same  degree  as  severe  clutter. 

Based  upon  the  authors’  experience,  we  hypothesize  that  this  raster 
effect  does  not  provide  a  new  criterion  as  much  as  it  provides  a  limit¬ 
ing  image  size  beyond  which  theories  A  and  B  no  longer  hold.  That  is, 
as  long  as  the  image  is  many  raster  lines,  the  raster  does  not  effect 
the  previous  criteria  but  depending  upon  the  strength  of  the  raster 
(i.e.,  100  percent  or  10  percent  modulation  and  varying  dead-time  duty 
cycle)  there  is  an  image  size  which  for  smaller  images  the  results 
become  confused  and  the  operator  will  not  function  efficiently.  For 
a  strong  raster  (10^  percent  modulation  and  50  percent  on,  50  percent 
off)  the  image  is  about  6  times  the  raster  line  width.  For  a  weak 
raster  (3  percent  modulation  and  small -spat ial  duty  cycle)  this  would 
be  for  an  image  about  2  raster  line  widths. 

3.3.4  RECOGNITION  AND  IDENTIFICATION 

The  purpose  of  most  electro-optical  equipments  is  to  augment  an  observer 
so  that  he  can  discern  a  scene  object  at  longer  range  than  with  his 
unaided  eye. 
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The  acuity  with  which  an  object  is  seen  depends  upon  range.  When  we 
speak  of  range,  we  generally  mean  the  maximum  or  threshold  range  at 
which  the  object  can  be  barely  discerned  with  the  needed  acuity.  And, 
the  needed  acuity  depends  upon  the  level  of  discrimination  desired 
whether  mere  object  detection,  or  object  recognition  or  positive  object 
identification.  Typically,  the  process  is  as  follows.  At  very  long 
range,  a  scene  object  appears  first  as  a  blob.  Moving  ever  closer,  the 
object  begins  to  take  some  shape  such  as  a  rectangle.  Closer  yet,  the 
observer  becomes  able  to  classify  the  object  as  to  type  and  finally 
positively  identify  the  object.  J.  Johnson  (1958)  has  arbitrarily 
divided  these  levels  of  object  discrimination  into  four  categories 
presented  in  Table  II. 


TABLE  II 

LEVELS  OF  OBJECT  DISCRIMINATION 


Classification  of 
Discrimination  Level 


Meaning 


Detection 

Orientation 


Recognition 


Identification 


An  object  is  present. 

The  object  is  approximately  symmetrical  or 
unsymmetrical  and  its  orientation  may  be 
discerned . 

The  class  to  which  the  object  belongs  may 
be  discerned  (e.g.,  house,  truck,  man,  etc.) 

The  target  can  be  described  to  the  limit  of 
the  observer’s  knowledge  (e.g.,  motel,  pick¬ 
up  truck;  policeman,  etc.) 


It  is  readily  evident  that  a  higher  degree  of  visual  acuity  is  needed  to 
identify  an  object  as  opposed  to  just  detecting  it.  To  obtain  a  quantita¬ 
tive  feel  for  the  problem,  J.  Johnson  performed  a  series  of  experiments 
using  electro-optical  sensors.  In  these  experiments,  an  attempt  was  made 
to  correlate  the  detectability  of  a  bar  pattern  of  a  given  spatial 
frequency  with  the  level  of  object  discrimination.  The  procedure  was  to 
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increase  the  object  range  until  it  was  just  barely  detected  (or  recognized, 
etc.)*  Then,  a  bar  pattern  was  placed  in  the  f ield-of -view  and  its 
spatial  frequency  was  increased  until  it  could  barely  be  resolved  at  the 
same  range.  The  spatial  frequency  of  the  pattern  was  specified  in  terms 
of  the  number  of  lines  in  the  pattern  subtended  by  the  objects  minimum 
dimension  as  illustrated  in  Figure  20  where  the  object,  for  the  recogni¬ 
tion  case,  subtends  8  lines.* 

Johnson's  results,  tabulated  in  Table  III  below,  are  not  unexpected.  If 
the  observer  could  only  just  resolve  a  coarse  pattern  corresponding  to 
2  bars  per  minimum  object  dimension,  the  level  of  object  discrimination 
was  limited  to  detection.  With  higher  acuity,  a  bar  pattern  of  higher 
spatial  freqjency  could  be  discerned  and  the  level  of  object  discrimina¬ 
tion  increased  in  turn. 


TABLE  III 

JOHNSON'S  CRITERIA  FOR  THE  RESOLUTION  REQUIRED  PER  MINIMUM 
OBJECT  DIMENSION  VERSUS  DISCRIMINATION  LEVEL 


Number  of  Resolvable  Lines* 
Discrimination  Level  per  Minimum  Object  Dimension 


Detection 

2.0 

+1.0 

-0.5 

Orientation 

2.8 

+0.8 

-0.4 

Recognition 

8.0 

+  1.6 
-0.4 

Identification 

12.8 

+3.2 

-2.8 
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The  preceding  table  has  been  widely  used  and  misused  by  systems  designers 
from  the  time  of  its  publication  to  the  present.  The  misuse  stems  from 
the  neglect  of  additional  requirements  imposed  by  J.  Johnson,  to  wit,  that 
the  "signal- to-noise"  ratio  and  image  contrast  must  also  be  sufficient. 
However,  it  was  not  too  clear  how  these  quantities  were  to  be  measured 
and  calculated.  Thus,  the  further  requirements  were  neglected  in  many 
cases.  However,  many  competent  designers  did  use  the  sensor's  threshold 
resolution  versus  scene  irradiance  curves  in  estimating  the  level  of 
discrimination.  Since  the  threshold  curves  do  contain  image  signal-to- 
noise  as  a  factor  in  their  measurement,  estimates  made  on  this  basis 
turn  out  to  be  reasonable  if  not  precise. 

Most  sensors  are  characterized  by  an  absolute  limiting  resolution.  If 
the  sensor  sensitivity  at  a  given  incremental  scene  irradiance  is  suf¬ 
ficient  to  realize  the  limiting  resolution  but  is  not  sufficient  to 
perform  the  desired  discrimination  task,  further  increases  in  scene 
irradiance  level  will  be  to  no  avail.  The  only  solution  is  to  move 
closer.  On  the  other  hand,  if  resolution  were  sufficient  at  a  given 
irradiance  level,  a  decrease  in  scene  irradiance  level  could  cause  the 
sensor/onerator  combination's  acuity  to  fall  below  the  level  required 
for  the  desireJ  level  of  object  discrimination. 

In  the  foregoing  data,  we  have  implied  that  image  signal -to- noise  ratio, 
image  contrast,  and  sensor/observer  resolution  are  independent  quantities, 
whereas,  in  our  view,  these  quantities  are  functionally  related,  i.e., 
the  image  s igna 1 -t o-noi se  ratio  is  proportional  to  t he  image  size,  con¬ 
trast,  irradiance  level,  sensor  sensitivity,  etc.  In  this  case,  Johnson's 
requirements  reduce  to  one.  Namely,  that  an  object  should  be  discriminated 
at  the  desired  level  if  its  s ignai -t o-noi se  ratio  at  the  output  of  the 
observer's  retina,  alter  processing  and  interpretation  by  the  brain,  is 
large  enough.  Obviousl',  the  signal - to-noi se  ratio  as  defined  in  this 
manner  is  not  directly  measurable  but  as  will  be  seen,  can  be  indirectly 
measured  through,  psychophysical  experimentation. 
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The  quantitative  models  developed  herein  are  based  on  simple  test  images 
such  as  rectangles  or  bar  patterns  for  which  an  image  size  or  "resolution 
can  be  precisely  defined.  Through  psychophysical  experiments,  the  thresh 
old  signal-to-noise  ratios  (as  calculated  on  the  basis  of  image  geometry, 
measured  electrical  quantities,  and  estimated  psychophysical  parameters) 
are  determined.  While  the  test  images  are  of  simple  geometry,  it  is 
hypothesized  that  these  images  and  the  requirements  for  their  discrimina¬ 
tion  can  be  correlated  with  the  discrimination  of  more  complex  imagery 
as  encountered  in  a  real-world  scene.  Such  correlation  does  appear  to 
exist  as  will  be  discussed. 

Detection  is  the  lowest  level  of  object  discrimination  since  it  usually 
implies  only  that  an  object  of  undeterminable  shape  has  been  sighted  in 
the  f iel d-of-view .  Recognition  usually  requires  shape  information  but 
in  some  cases,  shape  need  not  be  known  if  other  clues  are  available. 

For  example,  a  series  of  regularly  spaced  and  moving  blobs  on  a  road 
may  be  interpreted  as  vehicular  traffic.  On  the  other  hand,  a  single, 
stationary  blob  on  a  road  may  be  the  shadow  of  a  tree,  a  puddle,  a 
truck  or  any  number  of  other  objects.  While  a  blob  on  a  road  has  a 
reasonable  probability  of  being  a  vehicle,  the  same  blob  in  a  field  or 
among  a  sparse  forest  can  be  almost  anything.  Thus,  there  are  obviously 
many  degrees  of  discrimination  even  within  a  discrimination  level.  A 
single  criterion,  such  as  that  based  on  resolution  and  signal-to-noise 
ratiOi  is  unlikely  to  be  sufficient  to  cover  every  case.  Rather,  a 
number  of  cases  must  be  considered  and  subclasses  formed  as  noted  in  the 
detection  case  above. 

However,  J.  Johnson’s  hypothesis  and  definitions  are  reasonable  and  have 
some  basis  in  experimental  fact.  Thus,  we  elected  to  adopt  his  premises. 
For  this  purpose,  we  assume  the  image  to  be  detected  or  otherwise  dis¬ 
criminated  to  be  of  size  X  x  Y  as  shown  in  Figure  20.  To  correlate  the 
detectability  of  a  bar  pattern  with  a  level  of  object  discrimination. 


68 


we  divide  the  minimum  dimension,  Y,  of  the  image  by  a  factor  which 
is  numerically  equal  to  the  number  of  resolvable  lines  per  minimum 
object  dimension  given  in  Table  III,  e.g.,  for  recognition,  =  8. 

As  a  first  step,  the  discernability  of  bar  patterns  was  investigated 
as  a  function  of  their  signal-to-noise  ratio.  In  performing  these 
experiments,  we  hypothesized  that  to  discern  the  presence  of  a  bar 
pattern,  the  observer  must  discern  a  single  bar  in  the  pattern  and, 
hence  (after  0.  H.  Schade,  Sr.),  the  SNR^  is  calculated  on  the  basis 
of  the  area  of  a  single  bar  using  the  equation  (to  be  derived) 
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where  the  terms  are  as  in  Eq.  9  except  that  R^  is  the  mean  square  wave 
transfer  function  and  €  is  the  bar  aspect  ratio  as  introduced  in  subsection 
3.4.6.  The  experiments  were  performed  using  TV-generated  images  and  thus 
the  bar  patterns  were  only  bar  patterns  at  low  spatial  frequencies  and 
nearly  pure  sine  waves  at  high  spatial  frequencies.  However,  this  is  of 
consequence  for  the  SNRp  calculation  since  the  appropriate  corrections 
for  the  equivalent  mean  square  wave  amplitude  were  made. 

A  typical  result  is  shown  in  Figure  21  for  a  bar  pattern  of  spatial 
frequency  396  1 ines/picture  height  and  of  various  bar  he • ght - to-width 
ratios.  The  threshold  SNR^  values  for  bar  patterns  of  various  spatial 
frequencies  and  d i spi uy-t o-observer  viewing  distances  are  shown  in 
Figure  22.  The  display  Height  for  these  experiments  was  8  inches. 


Recognition  experiments  were  performed  using  four  different  typer  of 
vehicles:  a  tank,  a  van  truck,  a  half  track  with  top-mounted  radar  antenna, 
and  a  tracked  bulldozer  with  derrick.  The  signal -to-noi se  ratio  was  com¬ 
puted  on  the  basis  of  an  area  of  a  bar  whose  length  and  width  are  equal" 
to  the  length  of  the  vehicle's  image  and  the  width  of  the  vehicle's  image 


^'he  coauthor  R.  L.  S.  generally  prefers  using  a  standard  bar  ohait  e.g. 
AF  3-bar  pattern. 
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DISPLAY  SIGNAl-TO- NOISE  RATIO 

Figure  21.  Fraction  of  Bar  Patterns  Resolved  vs.  Display  Signa 1-to-Noise 
Ratio  for  a  396  Line  Bar  Pattern  of  Length-to-Wid».h  Ratio 
□  5:1  0  10:1,  0  20:1  Televised  Images  at  25  Frames/Sec. 

875  Scan  Lines,  Dy/D^  =3.5 
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BAR  PATTERN  SPATIAL  FREQUENCY 
(LINES  /  PICT.  HT.) 

Figure  22.  Threshold  Display  Signa 1 -to-Noise  Ratio  vs.  Bar  Pattern 
Spatial  Frequency  for  Display  to  Observer  Viewing 
Distances  of  O  14".  □  28"  and  ft  5 6" 


divided  by  8  in  accord  with  the  equivalent  bar  pattern  approach  dis¬ 
cussed  above.  The  main  difference  between  the  calculation  of  SNR^ 
for  the  bar  pattern  and  the  vehicular  object  was  that  for  the  equivalent 
bar  patterns,  the  signal  levels  were  measured  in  terms  of  the  mean-signal 
excursion  within  the  bar  pattern  while  for  the  vehicle,  the  signal  ampli¬ 
tude  was  measured  from  the  average  background  level  to  the  peak-signal 
excursion.  Had  the  peak-to-peak  excursion  about  the  average  signal 

within  the  vehicle  area  been  used,  the  threshold  SNR  values  noted  would 

P 

be  somewhat  lower.  A  typical  result  is  shown  in  Figure  23. 

The  average  threshold  SNR^  for  vehicle  recognition  amid  a  uniform  back¬ 
ground  was  3.3.  For  the  equivalent  bar  pattern,  the  threshold  SNRp  was 
2.9  which  is  only  14  percent  different.  Next,  a  degree  of  clutter  was 
introduced  by  means  of  a  background  transparency.  With  moderate  to  low 
clutter  (grass  background)  vhe  threshold  SNRp  was  4.1  which  is  24  percent 
higher  than  for  a  uniform  background  and  with  moderate  clutter  (grass 
and  trees  background)  the  threshold  SNRp  noted  was  3.0  which  is  52  per¬ 
cent  higher  than  the  uniform  background  case. 

Next,  we  progressed  to  the  vehicle  identification  experiments.  The  images 
were  tanks:  the  M47  Patton,  the  .148  Centurion,  the  Panther,  and  the  Stalin. 
Again,  an  equivalent  bar  pattern*  of  length  equal  to  the  tank's  length  and 
width  equal  to  1/13  of  the  tank's  minimum  dimension  was  used.  The  average 
threshold  SNRp  was  5.2  which  was  identical  to  that  needed  for  the  equiva¬ 
lent  bar  pattern.  With  a  grass-trees  background,  the  average  threshold 
SNRp  needed  was  6.8  versus  b.2  needed  for  the  equivalent  bar  pattern. 

The  spread,  or  variance,  of  the  threshold  about  the  average  increased  as 
the  level  of  discrimination  increased  from  detection  to  idem i f it  at  ion. 

In  summary,  it  was  hypothesized  that  the  recogni zab i 1 i t v  and  identifi- 
ability  of  "real  world"  objects  could  he  correlated  with  the  discern- 
tbility  of  an  "equivalent  bar  pattern".  The  "equivalent  bar  pattern" 


♦Again  coauthor  R.I..S.  prefers  standard  bar  patterns.  Other  sophistica¬ 
tion  may  he  beyond  what  is  war  anted  by  the  analysis. 
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CORRECTED  PROBABILITY 
OF  RECOGNITION 


was  defined  (in  image  space)  in  terms  of  a  single  bar  in  the  pattern  of 
length  equal  to  the  length  of  the  image  of  the  "real  world'*  object  and 
width  equal  to  the  real  world  image's  width  divided  by  k^.  The  factor, 
k^,  is  a  number  associated  with  a  given  discrimination  level,  e.g.,  8 
for  recognition.  When  the  bar  pattern  is  defined  in  the  above  manner, 
it  was  found  experimentally  that  the  SNRp  required  to  liminally  discern 
the  equivalent  bar  pattern  was  very  nearly  equal  to  the  SNRp  required 
to  recognize  the  "real  world"  image  when  its  SNRp  is  calculated  on  the 
basis  of  its  area  divided  by  kj .  It  might  be  thought  that  defining 
the  area  of  the  bar  in  the  equivalent  bar  pattern  as  1/8  its  area  is 
redundant, but  this  is  not  so.  The  key  reason  for  defining  the  bar 
pattern  in  the  manner  described  is  to  define  the  required  level  of 
sensor  resolution  in  terms  of  a  spatial  frequency.  This  permits  us  to 
take  into  account  the  effects  of  finite  sensor  apertures.  As  we  noted 
previously,  J.  Johnson  specified  that  an  image,  to  be  discerned  at  a 
given  level  of  discrimination,  must  be  both  resolved  and  have  a  suf¬ 
ficient  SNR.  In  the  above  formulation,  SNRp  is  a  function  of  resolution 
so  that  if  the  SNRp  is  sufficient,  the  resolution  will  also  be  sufficient. 

We  noted  an  important  caution  in  connection  with  the  method  of  calcula¬ 
tion.  The  "real-world"  objects  are  not  periodic  in  general  but  rather, 
assemblages  of  aperiodic  objects  of  different  sizes.  These  aperiodic 
objects  which  make  up  the  object  may  be  relatively  isolated  as  in  the 
case  of  the  derrick  on  the  t lacked  bulldozer  or  more  cl  utter-like  as  in 
t he  case  of  the  half-track.  Thus,  we  cannot  sav  that  the  equivalent  bar 
pattern  approach  is  the  nest  one.  We  can  only  reply  that  it  lias  been 
established  empirically  to  be  a  useful  theory* 

As  a  potential  solution  to  the  not  quite  periodic,  not  quite  aperiodic 
nature  of  real  objects,  it  might  be  appropriate  to  calculate  the  thresh¬ 
old  range  for  the  equivalent  bar  pattern  and  then  for  a  single  bar  in  the 
test  pattern  assuming  that  the  bar  is  aperiodic.  Ihen,  the  threshold 
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range  estimate  is  taken  to  be  the  average  of  the  two  ranges.  This 
approach  is  similar  to  a  recent  concept  proposed  by  0.  H.  Schade  (Ref.  25) 
for  estimating  the  mean  resolving  power  of  a  sensor  system. 

3.4  imaging  SYSTEMS  ANALYSIS 

3.4.1  INTRODUCTION 

In  the  foregoing  subsections  3.2  and  3.3  the  input  signal  and  the  output 
interface  have  been  discussed  and  defined  in  detail .  It  is  now  possible 
to  analyze  the  system.  This  subsection,  therefore,  defines  and  justifies 
the  performance  parameters  for  each  system  and  provides  the  analysis  for 
predicting  the  system  performance  from  the  characteristic  or  design 
parameters.  While  it  was  desired  that  the  development  of  the  performance 
equations  be  as  parallel  as  practical,  the  authors*  have  not  been  comp- 
pletely  successful  at  dropping  their  pet  approaches.  To  the  extent  that 
pure  logic  is  possible,  the  treatment  of  the  problem  is  identical  for  the 
TV  and  FLIR.  Sometimes,  experience  forces  a  deviation  which  is  not 
obviously  necessary.  In  some,  but  not  all,  cases  the  justifications  for 
the  deviations  are  discussed. 

3.4.2  FUNCTIONAL  DESCRI  Pi  JON' 

Figure  24  is  a  functional  block  diagram  for  either  sy[  em.  The  sensor 
(consisting  of  optics  and  receiver)  generates  an  electrical  signal  from 
the  radiation  received  from  the  apparent  scene.  The  output  of  the  sensor 
is  further  processed  and  then  displayed  as  a  visible  image.  A  man  views 
the  image  and  makes  decisions. 

The  input  to  the  system  is  the  variation  in  incidence  .>t  the  receiver. 
These  variations  have  already  been  desciibed  as  the  apparent  scene. 


‘•Especially  R.  L.  S. 


The  output  of  the  electro-optical  system  is  a  visible  image.  This 
image  is  a  degraded  reproduction  of  a  limited  field  of  view  of  the 
apparent  scene  but  may  be  brighter,  have  more  visual  contrast,  and  be 
magnified.  The  increased  brightness  and  contrast  is  due  to  both 
spectral  conversion  (i.e.,  if  input,  visible  output)  and  gain. 

In  a  perfect  imaging  sensor,  all  images  are  transmitted  through  the 
sensor  with  perfect  fidelity.  In  real  sensors,  the  images  may  be 
degraded  in  amplitude,  shape, or  phase  (position),  or  all  three.  These 
degradations  are  due  to  finite  imaging  apertures,  geometrical  defocus- 
ing,  spatial  ncnlinearities ,  etc.  Noise  may  also  be  added  in  the 
signal  processor  or  display.  The  distortions  and  noises  introduced 
combine  to  reduce  image  resolution  and  signal-to-noise  ratio. 

Also  a  primary  concern  are  the  requirements  of  the  man  since  he  is  the 
final  element  of  the  total  system, determining  the  threshold  for  per¬ 
formance.  His  pertinent  characteristics  were  discussed  in  subsection  3.3. 

The  approach  of  this  analysis  will  be  to  determine  the  signal  and 
signal-to-noise  ratio  throughout  the  system  for  a  given  input  object  and 
range,  and  then  use  the  man's  threshold  characteristics  to  define  and 
predict  sensitivity. 

Finally,  in  the  next  section,  range  will  be  treated  as  the  independent 
variable  to  determine  what  object  strength  is  required  for  the  man  to 
complete  his  task  fe.g.,  detetion)  at  that  range. 

3.4.3  SYSTKM  PERFORMANCE:  PARAMETERS 

Before  discussing  the  analysis  of  the  system,  it  is  advantageous  to 
define  which  parameters  are  considered  system  performance  parameters 
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3. 4. 3.1  System  Field  of  View 


The  field  of  view  is  a  measure  of  the  amount  of  the  scene  which  is 
imaged  by  the  system.  It  is  measured  as  the  angular  subtense  (in  object 
space)  of  the  portion  of  the  scene  which  is  displayed. 

3. 4. 3. 2  Resolution  (Refer  also  to  Appendix  II) 

The  resolution  of  the  system  measures  the  loss  of  detail  by  the  system  in 
converting  the  apparent  scene  to  the  displayed  image.  This  could  be 
measured  by  determin.ng  the  size  of  the  output  from  a  point  or  line  in¬ 
put.  The  spot  that  results  from  a  point  input  (unit  area  6  function)  is 
referred  to  as  the  point  spread  function.  For  a  perfect  system,  this 
would  be  an  infinitesimal  point.  Therefore,  any  spreading  indicates  a 
loss  of  detail.  A  similar  relationship  exists  between  a  line  input  and 
3CS  output  except  that  this  reduces  the  problem  to  one  dimension  and,  if 
as  is  assumed,  separation  of  spatial  variables  is  warranted,  the  line 
spread  functions  are  as  complete  a  measure  as  the  point  spread  function. 

As  was  stated  previously,  the  analysis  is  to  follow  the  approach  of 
0.  H.  Schade,  Sr.  Therefore,  the  analysis  and  measurement  will  be 
completed  in  the  frequency  domain.  This  means  that  for  this  analysis, 
Fourier  techniques  will  be  used, assumi ng  that  (tor  small  signals)  the 
system  is  linear  and  space  invariant.  Instead  of  using  the  line  spread 
function  as  the  primary  resolution  measure,  the  Fourier  transform  of 
the  line  spread  function  will  be  used  which  is  also  known  as  the 
optical  transfer  function.  The  modulus  of  the  transform,  when  written 
in  polar  form,  is  the  modulation  transfer  function  and  the  argument  is 
the  phase  transfer  function.  It  is  interesting  that  the  modulation 
transfer  function  is  also  the  relative  sine  wave  response  of  the  system 
and  ci.n  be  measured  by  determining  the  peak-to-peak  output  of  a  sine 
wave  input  (normalized  to  unity  at  low  frequencies). 


Because  of  the  difficulty  in  making  sine  wave  targets,  square  wave  or 
bar  targets  have  become  popular.  The  relative  output  peak-to-peak 
modulation  (for  a  square  wave  input)  as  a  function  of  frequency  is 
referred  to  as  the  square  wave  transfer  function.  It  is  easier  to 
measure  and  can  be  related  to  the  modulation  transfer  function. 

(Reference  26.) 

It  is  very  important  that  no  single  point  on  the  hTTF  curve  has  meaning 
in  itself  with  regard  to  resolution,  any  more  than  any  one  point  on  the 
line  spread  function  does.  If  a  single  number  is  to  be  used,  it  should 
be  similar  to  a  bandwidth  such  as  is  used  in  electrical  engineering. 

The  bandwidth  tends  to  indicate  the  region  over  which  the  value  for  the 
MTF  is  high.  To  this  end,  0.  H.  Schade,  Sr.,  proposed  the  equivalent 
(noise)  bandwidth  (Ne)  as  one  indicator  of  the  system's  image  quality. 

Ne  was  defined  as  the  integral  of  the  square  of  the  >TTF  with  respect 
to  number  of  lines.  Resolution  was  defined  in  terms  of  the  equivalent 
aperture  of  width  6  =  1/NC  since  the  width  of  a  rectangular  line  spread 
function  is  so  related  to  the  Ne  of  such  a  function. 

Ne  is  a  resolution  summary  number  of  some  importance.  As  will  be  shown, 
it  has  impact  on  a  given  system's  probability  of  detection.  0.  H. 

Schade,  Sr,,  and  other  references  indicate  that  for  noise-free  pictures 
Ne  correlates  with  image  quality  so  long  as  the  total  curve  is 
monotonical ly  nonincreasing  or  at  least  well  behaved  (smoothly  increasing 
or  decreasing). 


3. 4. 3. 3  Sensitivitv 


The  sensitivity  of  the  systems  will  always  be  discussed  as  a  function 
of  object ' s  angular  size  (or  spatial  frequency  for  cyclic  targets)  which 
sometimes  will  be  expressed  as  range  for  an  object  of  fixed  linear  size. 
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It  will  be  defined  in  terms  of  the  minimum  input  signal  which  will  just 
provide  an  image  of  sufficient  signal-to-noise  ratio  to  permit  an  operator 
to  accomplish  a  set  task. 

For  example,  if  the  task  is  to  resolve  the  bars  of  a  three  bar  chart, 
the  sensitivity  will  be  defined  as  the  minimum  resolvable  radiant 
exitance  difference  between  bars  and  spaces.  Equivalently  for  a  FLIR 
the  minimum  resolvable  temperature  will  be  used  and  for  TV  the  minimum 
resolvable  contrast  may  be  used. 

It  is  important  that  these  sensitivity  measures  include  the  complete 
system  including  the  operator.  They  are  not  to  be  disregarded  as  subjec¬ 
tive  measures  however,  but  are  human  response  measures.  The  operator  is 
not  asked  if  he  likes  the  image  or  which  looks  best,  but  simply  what  is 
the  threshold  input  for  the  task.  By  definition  of  how  the  equipment  is 
to  be  used,  the  accuracy  of  the  measure  is  adequate. 

3. 4. 3. A  Frame  Rate/Field  Rate 

The  average  rate  at  which  the  complete  field  of  view  is  scanned  or 
displayed  will  be  defined  as  the  frame  rate.  The  rate  at  which  the 
field  appears  to  flicker  will  be  called  the  field  rate.  Standard 
broadcast  TV  has  a  frame  rate  of  30  frames  per  second  and  a  field  rate 
of  60  fields  per  second. 

3. A. 3. 5  Scan  Lines  Per  Picture  Height 

It  is  important  that  both  TV  and  FUR  systems  are  sampling  systems  (tuey 
sample  the  image  in  space  by  scanning  an  aperture)  and  can  be  sampled 
data  rather  than  MTF  limited.  The  parameter  of  importance  is  the  number 
of  independent  spatial  samples  per  resolution  element  in  the  integration 
time  of  the  operator, or  system  if  the  system  integration  is  longer.  It 
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is  easier  to  refer  to  the  number  of  independent  scan  lines  per  picture 
height  (or  field  of  view)  per  integration  time  however,  and  that  will  be 
the  approach  taken  here. 

3.4.4  SENSOR 

A  general  sensor  is  shown  functionallv  in  Figure  24.  In  either  system, 
lenses  focus  the  energy  from  the  scene  onto  a  receiver  which  converts  it 
to  electrical  signals  for  subsequent  processing  in  order  to  generate  a 
video  signal. 


_ TV _ 

A  typical  high-performance  tele¬ 
vision  camera  is  shown  schematic- 
cally  in  Figure  25.  A  lens 
images  the  scene  on  the  input 
photosurface  of  the  intensifier 
which  converts  the  photon  image 
to  a  photoelectron  image.  The 
photoelectron  image  is  acceler¬ 
ated  to  a  phosphor  which 
recreates  a  visible  image  of 
greater  radiance  due  both  to  the 
accelerating  voltage  and  phosphor 
and  to  any  image  magnification 
between  the  input  photo -surface 
and  its  phosphor.  The  amplified 
image  is  transferred  to  a  second 
photocathede  which  once  again 
creates  a  photoelectron  image. 

A  net  signal  gain  due  to  phosphor 
and  photocathode  is  obtained. 

The  new  nhotoelcct ron  image  is 


_ FLIR _ 

In  the  IR  system,  no  significant 
temporal  integration  occurs  in  the 
receiver  which  is  typically  an  array 
of  photon  detectors.  (See  Figure  26.) 
The  image  is  scanned  by  optical- 
mechanical  means  across  this  array 
to  generate  time  varying  signals. 
These  detector  outputs  are  then 
either  electrically  filtered  and 
time  multiplexed  to  form  a  video 
signal  or  used  as  parallel  video 
channels  to  modulate  light  sources 
for  a  display. 
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TV 


FLIR 


accelerated  to  a  gain  storage 
element,  known  as  the  target, 
where  the  image  is  amplified  and 
stored  for  the  period  between 
successive  scans  by  the  electron 
scanning  beam.  The  scanning  beam 
creates  a  sequential  signal  which 
is  subsequently  amplified  and 
processed  for  input  to  a  CRT 
display. 


3.4.4. 1  Optics 

Scene  radiant  flux  is  collected  and  imaged  onto  the  image  plane  by  a  lens. 
For  the  purposes  of  illustration  and  first  order  analysis,  the  lens  is 
assumed  to  be  thin  and  the  scene  is  assumed  to  be  at  long  range.  The 
first  order  lens  parameters  of  primary  interest  are  therefore  as  follows. 

3. 4. 4. 1.1  Lens  Aperture,  D0 

The  lens  aperture  is  the  effective  lens  diameter  and  is  sometimes  called 
the  clear  aperture  or  entrance  pupil.  The  entrance  pupil  is  the  image  of 
the  aperture  stop  from  object  space  (the  scene  side  of  the  lens).  In 
Figure  ?7  the  iris  is  the  aperture  stop  and  entrance  pupil.  The  maximum 
diamete’  of  the  entrance  pupil  in  the  thin  lens  case  is  the  diameter  of 
the  lens  itself.  (Reference  27.) 

3. 4. 4. 1.2  Li* as  Focal  Length,  Fj 

Parallel  light  rays  not::  distant  objects  are  focused  on  the  focal  plane  at 
a  distance  F  from  the  principal  plane  of  the  lens.  Fo:  a  thin  lens,  this 

L 

is  the  plane  of  the  lens.  The  linear  size  of  an  i:.uge  produced  by  a  lens 
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is  related  to  the  angular  subtense  of  that  object  at  the  lens  by  the 
focal  length  (i.e.,  for  small  angles  and  large  object  distances* the  angle 
subtended  times  the  focal  length  is  the  image  size). 

3. 4. 4. 1.3  Lens  Focal  Ratio,  f/No. 


The  ratio  of  the  focal  length  to  aperture  or  f  /D  is  called  the  focal 
ratio  or  "f/number",  and  is  commonly  used  to  indicate  the  light¬ 
gathering  ability  of  a  lens.  In  real  lenses,  the  focal  length  is  not 
the  distance  from  the  entrance  pupil  location  to  the  focal  plane  as  it  is 
for  a  thin  lens  but  f/No.  is  meaningful  and  related  to  the  angle  0  (see 
Figure  28)  by  the  relationship 


f/No. 


_ 1 _ 

2n  sin9 


(ID 


where  n  is  the  optical  index  ot  refraction  of  the  material  at  the  focal 
plane;  usually  air.  Therefore,  for  an  image  in  air, 


f/No. 


1 

2  s  i  n0 


(12) 


\r>h  a  theoretical  minimum  of  0.5. 


3. 5. 4. 1.4  Lens  Transmittance, 

The  percentage  of  the  energy  incident  on  the  lens  from  a  point  source 
that  is  present  in  the  image  includes  lasses  due  to  absorption,  scatter¬ 
ing  and  blockage. 

3. 4. 4. 1.5  Lens  i  Stop,  T 

The  lens  T  scop  is  numerically  equal  tt  (1/ No.)/*,  and  is  used  to  relate 

focal  plane  incidence  to  the  scene  cxi lance  levels. 
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3. 4. 4. 1.6  Field  Stop 

For  the  thin  lend  case,  the  dimensions  of  the  field  stop  are  given 
by  the  dimensions  of  the  effective  photosensitive  area  of  the  receiver. 

In  photography, the  field  stop  is  the  size  of  the  film  being  exposed.  In 
TV,  it  is  the  area  scanned  out  by  the  electron  beams  referenced  to  the 
input  photosurface.  For  FLIR,  it  is  the  detector  array  dimension  includ¬ 
ing  scanning. 

3. 4. 4. 1.7  Field  of  View  $  ,  <b 

x  y 

The  field  of  view  is  the  measure  of  the  amount  of  the  scene  that  is 
imaged.  It  is  measured  as  the  angular  subtense  (in  object  space)  of  the 
portion  of  the  scene  that  is  imaged  by  the  optics  onto  the  field  stop. 

The  sensor  field  of  view  is  numerically  equal  to  $  «  2tan  *X/sFT  and 

-1  XL 

0  *  2  tan  Y/lF.  .  For  small  fields  of  view  f  SX/F  and  0  SY/F  . 

y  L  xl  y  l 

3. 4. 4. 1.8  Lens  Point  Spread  Function,  rQ  (x,  y) 

The  r  (x,  y)  is  a  waveform  of  an  image  of  a  point  source.  This  is 

o 

sometimes  known  as  the  lens  impulse  response. 

3.4.4.1.S  Lens  Line  Spread  Function,  rQ  (x  or  rQ(y) 

The  r  (x)  is  a  waveform  of  an  image  of  a  line  source, 
o 

3.4.4.1.1G  Lens  Aperture  Frequency  Response,  R0(kx>  ky) 

The  R0(^x»  ky)  is  the  lens  complex  steady-state  frequency  response  to 

a  point  source  as  discussed  in  Appendix  III.  R(k,k)is  the  Fourier 

ox  y 

transform  of  r  (x,  y).  The  quantities  k  ,  k  are  spatial  frequencies, 
w  x  y 

(Refer  to  Appendix  III.) 
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3.4.4.1.11  Lens  Optical  Transfer  Function,  R  (k  )  or  R  (k  )  or  OTF 
r  ’  ov  x  o  y 

The  RQ(k)  is  the  lens's  complex  steady-state  frequency  response  to  a 
line  source. 


3.4.4.1.12  Modulation  Transfer  Function,  j  R^k^  |»  I  RQ(ky)  I  or 
The  MTF  is  the  modulus  of  the  optical  transfer  function. 

3.4.4.1.13  Receiver  Photosurface  Irradiauce  Level 


We  next  wish  to  relate  the  photosurface  irradiance  level  from  the  scene 

to  that  at  the  scene.  Suppose  the  radiance  of  a  small  area  aQ  on  the 

2 

scene  at  Range  R  to  be  L  watts/m  -sr.  If  the  scene  is  diffuse,  that  is 

s 

a  lambertian  radiator, 


(13) 


where  M  is 
incident  on 


2 

the  radiant  exitance  of  the  scene  in  watts/m  . 
the  sensor's  lens  will  be 


The  flux  ft0, 


ft 

o 


M  a  A  t 
s  o  o  o 


TT  R 


(14) 


Where 


A 


o 


is  the  effective  area  of  the  objective  lens  and  r0  is  its  transmittance 


ft 

o 


M  a  D  t 
s  o  o  o 


4  R 


(IV* 
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For  an  infinity  focused  lens  and  small  areas, 


Where  a^  is  the  image  area  corresponding  to  a0. 


Therefore, 


$ 

o 


M  a.T 

a  1  Q 

4FL2/Do 


2 


(16) 


(17) 


and  the  irradiance  at  the  image  from  the  scene  is 


M  T 
s  o 

4(f/No.) 


(18) 


where  T  is  the  lens  T  stop  as  previously  defined.  The  above  equation 
may  also  be  written  as 


(19) 


Expressions  in  terms  of  both T and  f/N'o.  are  maintained  because  histori¬ 
cally,  the  TV-oriented  work  has  used  T  but  the  IR  analysis,  especially  of 
the  more  recent  background  limited  IR  systems,  has  not.  This  difference 
of  approach  and  therefore  use  of  parameters  comes  about  'because  the  IR 
system's  performance  i s  basical iy  independent  of  f/No.  since  almost  any 
sized  detector  is  availrble  and  as  will  be  shown,  the  sensitivity  .8  a 
function  of  entrance  pupil  and  instantaneous  field  of  view.  For  the  TV 
system,  the  area  of  the  photosurface  is  more  of  a  system  parameter  making 
focal  length  and  f/No.  more  important.  That  is, for  a  photon-limited 
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syscem,  either  the  instantaneous  field  of  view  and  optics  pupil  or  the 
f/No.  and  photoreceiver  diameter  can  be  considered  to  be  the  important 
parameters.  The  IR  took  the  first  two,  the  TV  took  the  second  two. 

If  f/No.  is  maintained  in  the  equation,  then  f  number  is  useful  to 
introduce. 


The  signal  for  either  system  is  the  modulation  on  the  average  irradiance 
rather  than  the  absolute  value  per  se.  In  this  case,  we  work  in  terms 
of  the  AE  caused  by  a  AM  or  AL.  For  large  targets 


am 

- S— T  T 

(2f/No.)  ° 


(20) 


but  for  small  targets  the  amplitude  of  AE^,  decreases  faster  than  the 

relative  amplitude  of  AM  due  to  the  transfer  function  of  the  optics* 

s 

For  sinusoidally  periodic  scene  modulation,  the  image  modulation  is 
reduced  by  the  KTF  of  the  optics  at  that  frequency, 


<Et) 

i  p-p 


(M  )  T 

U  (Ml  S  P'p  2( 

0  ^  (2F/NO.)2 


(M  ) 

U  (k  )  l-A-p 

0  x  4T2 


(21) 


where  p-p  indicates  peak-to-peak  of  the  sine  wave.  Similar  relation 
ships  fcr  other  functions  exist  and  require  other  transfer  functions 
such  as  square  wave,  flux,  and  pulse. 


In  actuality,  AMe  may  not  be  the  significant  or  common Iv-used  scene 

a 

parameter.  For  the  FLIR,  it  is  convenient  to  work  in  terms  of  an 
equivalent  blackbody  AT  (Refer  to  Appendix  IV).  And  for  TV,  it  may  be 
convenient  to  consider  the  scene  irradiance  and  Aq  (diffuse  reflectivity 
difference).  Therefore,  while  AE  may  be  used  for  commonality  of  analysis, 
the  final  results  will  use  more  conventional  parameters. 
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3. 4. 4. 2  Photon  Receivers  (Radiation  Detectors) 


The  radiation  detector  is  placed  at  the  focal  plane  of  the  optics  and 
receives  the  image  of  the  apparent  scene.  It  detects  the  radiation  and 
generates  an  electrical  signal  which  is  then  amplified  and  processed  as 
the  video  signal.  The  signal-to-noise  ratio  resulting  from  this  detection 
process  determines  the  limiting  sensitivity  for  the  system. 

This  section  will  first  provide  a  "broad  brush"  treatment  to  provide  a 
general  feel  for  the  situation  as  it  affects  both  systems.  Then,  the 
details  of  the  photon  receiver  will  be  discussed  and  finally  the  relation¬ 
ship  for  calculating  the  signal-tc-noise  ratio  at  the  output  of  the  receiver 
will  be  derived. 


3. 4. 4.2.1  Introductory  Comments 


The  radiation  detector  may  consist  of  a  photo-sensitive  surface  which  is 

(in  effect)  read  out  by  a  scanning  electron^beam  as  it  is  for  a  TV  camera 

or  as  an  array  of  photo-sensitive  detector  elements  which  are  continuously 

read  out  as  they  scan  the  image  as  is  the  case  for  an  optically-scanned 

infrared  imaging  system  (FUR).  In  either  case,  we  are  interested  in 

photon  receivers  which  will  generate  a  video  signal  related  to  the 

received  radiation.  In  general,  the  output  current  is  related  to  the 

input  image  by  the  responsivity  which  is  often  separated  between  its  peak 

value  <7p  and  the  relative  function  R(X).  is  measured  in  amps  per  watt 

and  indicates  the  signal  generated  per  watt  of  energy  at  the  spectral 

peak  of  the  receiver.  Th»  photon  generated  current  as  a  function  of  the 

2 

area  (A)  of  the  receiver  flooded  with  irradisnee  H(X)  watts/cm  is  given  by 

.V 


Ac  r  R<M  H<X)  dX 

l> 


] 


(22) 


where  Y  is  introduced  for  generality  and  will  be  discussed  later  but  for 
now  is  assumed  to  be  unity. 
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While  the  phenomenon  is  the  same  for  both  systems,  the  nature  of  the 
source  of  the  signal  and  noise  has  caused  different  parameters  and 
parameter  emphasis  to  evolve  for  the  two  technologies.  This  section 
will  try  to  stress  the  signal  imposed  differences.  To  that  end,  it  is 
easiest  to  start  with  the  case  where  the  limiting  noise  is  the  result 
of  the  random  detection  of  photons  in  the  image,  the  photon  noise  limited 
case.  For  this  case,  due  to  the  statistics  associated  with  photon 
arrival/detection,  the  noise  at  the  receiver  output  is  proportional  to 
the  square  root  of  the  number  of  photons  incident.  The  following  indi¬ 
cates  how  the  signal-to-noise  ratio  are  generally  related  to  the  image 
irradiance  and  will  make  reading  the  next  two  sections  easier. 


_ TV _ 

For  a  TV  system,  the  average 
value  the  image  irradiance 
on  the  photon  receiver  is  pro¬ 
portional  to  the  apparent  scene 
exitance  (refer  to  subsection 
3.4.4.1.13)  which  is  proportional 
to  the  product  of  the  high  light 
scene  irradiance  and  the  average 
scene  reflectivity  modified  by  the 
atmosphere.  These  systems  are 
so  designed  (baffled)  that  no 
other  source  of  radiation  con¬ 
tributes  significant  photons  to 
the  Image.  The  modulation  n 
this  average  value  varies  us  the 
reflectivity  in  the  scene,  and 
is  discussed  as  a  percentage  of 
the  average  value.  It  is 
referred  to  as  the  ac  signal  or 
just  the  signal. 


_ IR _ 

For  the  IR  system,  the  irradiance  on 
the  photon  receiver  is  the  energy 
in  the  image  plus  radiation  from 
all  other  objects  within  the  field 
of  the  detectors  and  not  at  cryo¬ 
genic  temperatures.  In  general,  it 
can  be  assumed  that  two  temperatures 
exist,  cold  and  ambient.  The  result 
is  that  the  average  value  of  the 
radiation  on  the  detector  is  that 
due  to  an  ambient  temperature  black- 
body  filling  the  f ield-of-view  of 
the  detector.  The  f ield-of-view  of 
the  detector  iu  limited  by  cold 
baffles  and  is  designed  to  accept 
signals  from  the  optics  while  block¬ 
ing  radiation  from  the  censor  hous¬ 
ing.  The  modulation  in  the  image  la 
from  the  variation  in  photons  over  the 
apparent  scene  and  can  be  thought  of 


IR 


Because  this  modulation  remains 
a  constant;  percentage  of  the 
average „  even  though  the  scene 
Illumination  changes,  the  con¬ 
cept  of  contrast  has  become  a 
integral  part  of  the  TV  signal 
vocabulary.  Contrast  is  de¬ 
fined  by  the  equation 
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where  L  and  L  .  are  radi- 
max  min 

ances  of  the  object  and  back¬ 
ground  depending  on  which  is  the 
brighter.  With  the  above  defi¬ 
nition  contrast  is  always  posi¬ 
tive  and  can  range  in  value  be¬ 
tween  0  and  1  only.  This  is  an 
analytical  convenience.  Posi¬ 
tive  and  negative  contrasts  are 
equally  detectable.  When  image 
contrasts  arc  much  greater  than 
unity,  they  are  separately 
considered . 

For  a  linear  photoe’-ectron  noise 
limited  -rccivcr  working  in  this 
environment,  the  signal  will  be 
proportional  to  AL  and  the  noise 
Is  proportional  to  Lav*'  • 

Since  both  AL  and  Lav  ha*'c  es¬ 
sentially  the  s*«e  spectral 


as  occurring  due  to  (small)  tempera¬ 
ture  variations  about  the  ambient. 
Since  the  sources  generating  the 
modulation  may  be  at  long  range 
viewed  through  the  atmosphere,  while 
the  ambient  will  have  contributions 
from  shorter  ranges  (the  atmosphere 
and  even  inside  of  the  sensor)  the 
spectra)  characteristics  of  the 
modulation  are  not  the  same  as  the 
spectral  characteristics  of  tie 
average  signal.  Additionally,  the 
average  signal  is  essentially  con¬ 
stant  over  the  scene  and  even  with 
time,  while  the  modulation  may  vary 
considerably.  Finally,  the  absolute 
value  of  the  average  irradiance  has 
little  or  no  importance  to  the  image 
ct  the  IR  system.  These  three  facts 
have  caused  "contrast",  as  used  as  a 
meaningful  parameter  in  the  ’isible 
scene,  to  be  meaningless  in  the  IR. 
There  is  no  constant  relating  the 
(modulation)  signal  to  the  average 
dt  value,  (i.e.,  to  the  photon  noise) 

There  is,  however,  a  parameter  which 
has  intuitive  meaning  and  tends  to 
relate  to  signal,  and  since  noise  is 
constant,  to  signal  -  to-noise  ratio. 
This  parameter  is  the  chan  tie  in 
temperature  from  the  average,  AT.  It 
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distribution  and  are  related  to 
the  reflectivity  ratio  of  the 
target  scene  by  the  contrast,  it 
only  becomes  necessary  to  work 
in  terms  of  the  average  photo 
current  and  the  contrast,  with  the 
contrast  being  a  constant  of  the 
apparent  scene,  and  the  product 
of  the  irradiance  and  the  average 
reflectivity  resulting  in  an 
average  photocurrent  being  the 
dependent  variable.  Therefore, 
since  the  peak  signal  can  be  re¬ 
lated  to  the  average  signal  by 
the  contrast  and  the  noise  is  pro¬ 
portional  to  the  square  root  of 
the  average  current,  the  peak 
signal-to-rms  noise  ratio  at  the 
output  of  the  receiver  is  pro¬ 
portional  to  the  product  of  the 
contrast  and  the  square  root  of 
the  average  current . 

1/2 
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is  true  that  the  system  actually  de¬ 
tects  the  change  in  irradiance  which 
is  proportional  to  AT  only  for  spe¬ 
cific  targets,  atmosphere,  end  spec¬ 
tral  response  but  it  is  a  meaningful 
laboratory  signal  parameter  when 
coupled  with  the  system  spectral 
response  and  it  is  a  more  meaningful 
parameter  for  defining  the  response 
of  an  IR  system  chan  contrast  would 
be.  (e.g.,  while  3  to  5  and  8  to  14um 
systems, with  the  same  AT  sensitivity^ 
appear  similar,  the  contrast  would 
be  very  different.)  Appendix  IV 
relates  AE  to  AT. 

For  an  IR  system,  as  has  been  men¬ 
tioned,  the  noise  is  generally  con¬ 
stant  with  conditions.  For  some 
systems  the  noire  is  determined  by 
the  system  or  preamplifier.  For 
others,  it  is  determined  by  the  IR 
detector.  With  many  detectors,  the 
system  may  be  operated  in  a  photon* 
no?  se  limited  condition.  That  is, 
the  noise  is  derived  from  the  random 
arrival/detection  of  photons  (from 
the  ambient  temperature  blackbody 
within  the  field  of  the  detector). 


^Coauthor  F.A.R.  would  prefer  wt»  refer  to  this  a  photoelectron  noise  and 
consider  it  to  be  the  result  of  detection  only  rather  than  arrival/ 
detection.  The  treatment  presented  is  more  consistent  with  the  thinking 
in  the  IR  community. 
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The  signal ,  on  the  other  hand,  is  the 
change  in  image  ir radiance  generally 
related  to  small  variations  in  scene 
temperature.  Consequently,  the  sig¬ 
nal  out  of  the  detector  is  calculated 
separately  from  the  noise,  based  upon 
the  signal  generated  wnen  a  variation 
occurs  over  the  total  area  of  the 
detector. 


3. 4, 4. 2. 2  Photon  Receivers 

This  subsection  describes  in  more  detail  some  of  the  idiosyncrasies  of 
recei/ers  and  the  parameters  used. 


_ TV _ 

The  photesurface  is  usually  a  con¬ 
tinuous  surface  of  photor.ni ssive 
materials  which  creates  a  photo¬ 
electron  image  proportional  to 
the  photon  flux  incident  on  the 
surface.  The  characteristics  of 
the  detector  which  arc  of  impor¬ 
tance  are  its  spectral  respon- 
sivity  and  Us  area. 

The  photosurfaces  used  in  high- 
performance  camera  tuoes  are  gen¬ 
eral  1/  combinations  of  a  number 
of  photoemitters  with  the  overall 
spectral  response  reflecting  spec¬ 
tral  responsivitv  contributions 


_ IR _ 

The  detectors  are  generally  photon 
detectors  (either  photoconduct ive 
or  photovoltaic)  generating  a  sig¬ 
nal  current  proportional  to  the 
photon  flux  incident  on  the  surface. 
The  characteristics  of  the  detector 
which  are  of  importance  are  the  spec¬ 
tral  responsivity ,  spectral  detec¬ 
tivity,  impedance  and  frequency 
response . 

The  spectral  responsivity  is  the 
ratio  of  the  sigial-out  to  signal- 
in.  It  is  generally  specified  as 
the  amps/Wart  or  the  Volts/Watt  that 
can  be  obtained  from  the  detector  as 
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from  each  of  the  individual  photo* 
emitters*  The  spectral  respon- 
sivity  is  generally  specified  in 
Amps/Watt.  Quantum  efficiency  of 
the  photosurface  is  less  than 
unity  at  any  vv/elength. 

To  achieve  high  sensitivity, 
multiple  reimaging  processes  may 
be  involved.  For  example,  an 
image  intensifi-r  may  be  added  as 
discussed  iu  subsection  3.4.4 
which  provides  gain  through  image 
minification  and  through  the  gain 
of  the  phosphor.  Additional  gain 
may  be  provided  in  a  gain-storage 
target.  A  primary  function  of  the 
gain  storage  target  is  to  store 
the  amplified  pho' oclectron  image 
for  the  period  between  successive 
charge  readouts  by  the  scanning 
electron  beam.  Through  the  image 
storage,  the  utilization  effi¬ 
ciency  of  the  photoelectron  image 
generated  by  the  input  photosur- 
free  becomes  unity. 

The  purpose  of  providing  gain  be¬ 
fore  Image  storage  Is  to  amplify 
the  photoelectron  noise  to  a  level 
well  above  that  of  the  TV  camera 
tube's  internal  or  external 


a  function  of  the  frequency  of  modula¬ 
tion  of  the  radiation.  Responsivity 
is  important  since  it  is  one  of  the 
parameters  which  indicate  how  dif¬ 
ficult  the  preamplifier  design  will 
be.  A  low-responsivity  detector  may 
be  difficult  to  cse  as  it  may  be 
difficult  to  amplify  the  output  with¬ 
out  generating  significant  amplifier 
noise.  However,  by  knowing  the  spec¬ 
tral  responsivity,  the  output  signal 
for  any  input  signal  can  be  ueter- 
mined.  The  current  responsivity  is 
determined  Ly  the  quantum  efficiency 
and  the  gain  of  the  detector.  The 
quantum  efficiency  indicates  how 
many  photoelectrons  are  generated 
per  photon.  The  gain  indicates  how 
many  signal  electrons  are  generated 
per  photoelcctron.  In  photodiodes, 
the  gain  is  unity  and  the  quantum 
efficiency  typically  50  percent  ever 
the  spectral  band  of  interest.  In 
i*  photoconducto~,  gains  of  1C  or 
more  are  possible  depending  upen  the 
bias  voltage,  size,  a;v*  the  carrier 
lifetime  in  tlie  ci^aent.  This  gain 
occurs  because  vhe  ph'tocurrent  is 
cnanging  relative  impedance  of 
the  p* , coconductor  which  in  turn 
generates  a  rignal  current  through 
a  load  reslsloc.  The  interested 
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preamplifier,  and  to  reduce  the 
read- in  and  read-out  time  con¬ 
stants  at  lev- image  ir radiance 
levels.  As  the  image  irrad\ance 
levels  are  increased,  the  read- in 
and  read-out  time  constants  and 
preamplifier  noi*;e  become  of 
little  concern  and  it  is  advan¬ 
tageous  to  decrease  gain  prior  to 
read-out  in  order  to  keep  from 
saturating  the  storage  target  and 
to  improve  image  signal-to-noise 
ratio. 

A  photoemitter  will  have  a  dark 
current  which  represents  additive 
noise.  This  noise  is  usally  neg¬ 
ligible  for  most  currently  used 
high-performance  TV  cameras. 

Where  it  is  a  problem,  it  is  usual 
to  cool  the  photosurface  to  bring 
the  dark  current  within  acceptable 
bounds . 

Most  low-H%ht  level  television 
cameras  now  in  use  have  their 
sensitivity  limited  by  the  noise 
generated  in  the  photon-**- 
photoelectron  conversion  process 
when  the  cameras  arc  operated  at 
maximum  sensitivity  as  is  the  case 
for  FLIR.  Ur)  ike  the  FUR,  the 


reader  is  referred  to  R.  D.  Hudson, 

Jr.  (Ref.  15).  Photon  detectors 
tend  to  be  constant  photon  efficiency 
devices  and  therefore  have  a  photon 
spectral  response  which  is  constant 
out  to  the  cutoff  wavelength 
(Bandgap  determined).  This  results 
in  a  spectral  response  in  terms  of 
w&tts  which  is  proportional  to 
wavelength  out  to  cutoff.  The 
frequency  dependence  or  the  respen- 
sivity  if  determined  by  the  lifetime 
and  mobility  of  the  photoelectrons, 
and  can  generally  be  represented  by 
a  single  time  constant  indicating 
the  corner  frequency  for  a  6  dB  per 
octave  rolloff,  a  simple  low-pass 
filter. 

The  impedance  of  a  detector  is  a 
significant  parameter  for  preampli¬ 
fier  design  and  an  indicator  of  the 
quality  of  the  detector  but  does  not 
affect  this  analysis. 

The  spectral  detectivity,  f) 

is  the  most  important  single  detector 
performance  parameter  slnee  it  deter¬ 
mines  the  ultimate  sensor  sensitivity. 
D*(*,  f)  is  the  signal-to-noise  rat*o 
per  unit  area  (for  1  Hz  noise  band¬ 
width  at  frequency  f)  for  a  l  watt 
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photoelectron  noise  Is  a  strong 
function  of  the  scene  irradiance 
rather  than  being  nearly  constant. 

Thermal  radiation  from  the  sur • 
round  of  the  photosurl'ace  is  not 
sufficient  to  affect  visible  and 
near  infrared  photosurfaces.  How¬ 
ever,  it  is  necessary  through  good 
optica*  design  practice  to  prevent 
stray  light  from  being  reflected 
off  lens  surfaces  nnd  sensor  vails 
which  may  degrade  the  image 
contrast. 


¥8 


of  X  micrometer  energy  input  modu¬ 
lated  at  frequency  f.  This  defini¬ 
tion,  using  area  normalization,  was 
prompted  by  the  feet  that  most 
detectors  generate  noise  voltage  (or 
current)  proportional  to  the  square 
root  of  the  area  and  thus  the  signal- 
to-noise  per  watt  for  any  area 
detector  can  be  calculated  based  up¬ 
on  D*(\ ,  f)  and  the  bandwidth  of 
interest . 


Most  detectors  used  in  the  advanced 
FLIK  systems  have  their  sensitivity 
limited  bv  the  noise  generated  by  the 
random  detection  of  photons  which  is 
proportional  to  the  square  root  of 
the  number  o*  photons  received.  For 
these  detectors,  the  D*(* »  f)  is 
therefore  a  function  of  the  total 
photon  flux  (in  the  spectral  region 
cf  interest)  incident  of  the  detector. 
In  fact,  the  sensitivity  of  such  a 
detecto*  operating  as  a  photoconductor 
is  related  to  its  quantum  efficiency 
by  the  relation 


v  \  \U2 
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where: 

X  •  the  wavelength  of  signal 
radiat ion 


IR 


h  ■  Planck's  constant 

c  «  speed  of  light 

Q  ■  the  rate  of  arrival  of 

photons  on  the  detector 

T|  ■  the  responsive  quantum 

^  efficiency  of  the  detector. 

For  a  pv  or  photovoltaic  detector, 
this  expression  is  improved  by  a 
factor  of  since  the  photon  gen¬ 
erated  electroas  are  swept  out  of 
the  detector  (across  the  junction) 
before  recombining  and  causing 
recombination  noise.  One  couid  con¬ 
sider  the  pv  detector  to  be  an  ideal 
photon  counter. 

improving  the  D*  of  the  detector 
improves  the  limiting  S/N  ratio 
determining  element.  While  photon 
(background)  noise- limited  decctors 
are  the  theoretical  limit  for  a  FLIR 
device  and  are  available,  much  car  be 
done  to  optimise  their  use.  It  it 
obvious  that  one  will  use  the  best 
quantum  efficiency  obtainable;  and, 
il.no  that  one  would  use  photovoltaic 
detector?  all  thing*  be*ng  equal. 

In  addition,  Q  should  be  minimized 
while  maximizing  the  incremental 
signal  ibwp  background.  There  are 
two  methods  for  reducing  the  (back¬ 
ground)  photon  flux  (Q)  on  th*. 
detector:  spatial  shielding  and 
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spectral  shielding.  Spectral  shield¬ 
ing  simply  means  placing  a  non¬ 
emitting  (cold)  spectral  filter  in 
front  of  the  detector  elements. 

This  reduces  the  radiation  received 
to  that  present  in  the  region  of 
interest,  i.e.,  spectral  bands  with 
no  signal  such  as  atmosphere  absorb- 
tion  regions  should  be  filtered  out 
for  field  optimization.  Spf.tial 
shielding  means  limiting  the  field- 
of-view  of  the  detector  elements  to 
maximize  the  signal-to-noise  ratio. 

The  optimum  case  is  when  the  total 
f ield-of -view  of  the  detector  is  the 
collecting  optics.  For  this  case, 
the  background  photons  collected  are 
propor^onal  to  the  sin^tf  or 

(  i 

2  f/No. 

/ 

(Refer  to  subsection  3. 4. 4. 1.3)  and 
D*  is  proportional  to  2f/No.  Defin¬ 
ing  D**  as  the  D*  when  a  perfect 
detector  (T)q  ■  1)  if  exposed  to  radia¬ 
tion  from  a  full  hemisphere;  (2  tt 
steradians)  then  for  an  optimally- 
shielded  detector 

1  /2 

D*  -  2f /No .  *  B**  *  V 

(20) 
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IV 

Since  a  detector  is  seldom  optimally 
shielded  due  to  practical  considera¬ 
tions,  it  is  convenient  to  define  a 
shielding  efficiency  as  the  ratio  of 
the  effective  D*  experienced  in  the 
system  to  that  obtainable  with  opti¬ 
mum  shielding.  A  value  for  T)  of 
0.70  is  guod  in  most  conventional 
designs.  is  a  function  of  the 
detector  material  chosen  and  its 
cjLulity.  A  value  for  T|^  of  0.16  is 
common  for  Ge:Hg  while  values  of  0.4 
are  reported  for  HgCdle. 

When  shielding  detectors,  it  is 
important  to  remember  that  as  noise 
due  to  photons  is  reduced,  other 
nolce  sources  may  become  dominant. 

There  is  always  a  practical  limit 
where  further  shielding  will  not 
improve  the  detector  D,v.  When  us¬ 
ing  narrow  spectral  filters,  the 
limit  for  useful  spatial  shielding 
can  be  considerably  reduced.  For 
some  detectors  (not  background  limited) 
nothing  is  gained  by  shielding  below 
the  wide  open  case.  With  the  defini¬ 
tion  of  (cold)  shielding  efficiency 
chosen,  it  is  possible  to  extend  its 
moaning  to  cases  for  non-bar kground 
limiter  oz  marginal  background-limited 
cases.  (This  has  not  generally  been 
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done  in  the  pa'st  but  is  considered 
a  useful  extension  by  the  authors;  it 
is  not  a  necessary  extension  for  this 
analysis.)  That  is,  with  the  detector 
operating  in  air  (or  vacuum)  as  is  the 
general  case  for  FLIR  systems  let 


\ 


D*  shielded 
[D*  2  TT  ]  2f/No. 


(27) 


Tls  has  a  useful  general  efficiency 
meaning  for  design;  that  is  how  close 
to  the  shielded  background  limited 
case  the  system  is.  For  a  totally 
background-limited  case,  it  indicates 
how  efficient  the  cold-shielded 
design  is.  For  a  partially  background- 
limited  detector,  it  indicates  the 
effect  of  both  the  geometrical  design 
of  the  shield  and  the  fact  that  the 


system  is  designed  around  more  shield¬ 


ing  than  is  useful  and  faster  optics 
are  desired.  For  a  non-background 
limited  system,  it  indicates  that  the 
detector  will  function  most  efficiently 
with  fast  optics,  i.e.,  for  all  cases 
in  air  when  f/Nc.  *  0.5  T|  «  1.0.  (It 

O 

should  be  noted  that  for  imnersed 
detectors  1)  >  1  is  possible.)  Fig- 
ure  29  indicates  the  total  effect  of 
this  notation  by  the  BLIP  lines  and 
thfj  non-BLIP  line  plus  one  partially 
BLIP  case.  In  general,  it  is  easier 

to  obtain  high  11  with  faster  optics. 

8 


29.  Normalized  D*  (D*  improvement  factor)  versus  System  f/No. 
for  Various  Shielding  Efficiencies 


TV 


IR 


Or.  the  other  hand,  the  partial  BLIP 
curve  indicates  a  typical  case.  For 
f/No.  <0.8;  1)g  -  1.0.  For  0.8 <f /No. 
<2jT|s  *.  0.6.  Above  this  f/No.,  the 
detector  is  no  longer  limited  and  7) 

s 

drops  off  with  increasing  f/No.  but 
only  drops  to  0.4  at  f/5.  Generating 
this  curve  for  a  detector  will  better 
clarify  the  total  system  efficiency 
tradeoffs  to  be  made  since,  in  general, 
the  optical  transmission  (or  efficiency) 
will  also  vary  with  f/No.,  i.e.,  for 
a  given  detector  the  product  TQ  T) 
can  be  optimized  by  optical  design. 

One  other  degree  of  non-idealism 
creeps  into  some  detectors  and  that 
is  non-white  noise.  The  most  common 
non-white  noise  is  1/f  noise  which 
has  a  noise  power  spectral  density 
inversely  proportional  to  frequency. 
There  are  many  theories  on  how  this 
noise  is  generated.  For  this  analysis, 
we  will  not  be  concerned  with  how  it 
is  generated  only  that  it  is  generally 
well  behaved  and  may  be  present  in 
detectors  which  othetwise  appear  to 
be  photon-n use  limited. 
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3. 4. 4. 2. 3  Signal-to-Noise  Ratio  at  Output  of  Photon  Receiver 

Because  of  the  differences  in  signal,  noise,  and  the  parameters  common  tp 
the  two  technologies,  this  analysis  will  be  done  in  parallel.  The  main 
common  point  is  to  indicate  that  the  signal  for  each  system  is  a  function 
of  the  source  and  system  spectral  characteristics. 

For  TV,  the  variations  in  source  3pectrum  have  a  major  effect  on  the 
quoted  systems  numbers  and  therefore  a  tungsten  source  operated  at  2854°K 
is  often  used  in  making  laboratory  measurements.  The  total  response  per 
watt  being  grossly  different  for  other  sources,  optimizing  for  the  wrong 
source  can  give  misleading  results.  Analysis  in  terms  of  input  photocur- 
rent  is  quite  general  however,  and  is  much  more  useful  when  different 
types  of  sources  are  expected. 

For  IR  systems,  the  source  spectral  characteristics  are  not  so  important 

as  the  nominal  spectral  response  bandwidth  (AX).  In  the  laboratory  with 

zero  atmosphere,  the  signal  increases  almost  proportionally  to  Ax  while 

1/2 

the  noise  only  increases  as  AX  .  In  the  field,  the  atmosphere  limits 
the  region  over  which  signal  can  be  gained  but  has  no  such  effect  on  the 
noise.  It  has  not  been  uncommon  to  see  systems  optir ized  for  the  labora¬ 
tory  to  pass  acceptance  test?  (i.e.,  large  AX),  and  thereby,  made  to  per¬ 
form  poorly  in  the  field.  Not  only  did  they  perform  more  poorly  than 
apparently  equivalent  systems  (smaller  AX)  but  more  poorly  than  those 
systems  would  if  properly  optimized. 

Therefore,  in  what  follows  while  the  analyses  may  appear  different,  one 
should  be  sensitive  to  the  common  problem  of  performance  confusion  caused 
by  the  desire  to  drop  the  wavelength  dependence. 


_ TV _ 

The  signal -to-noise  ratio  at  the 
output  cf  the  photosurface  is  as 
given  in  Eq.  24  in  subsection 
3. 4. 4. 2.1  A  video  signal-to-noise 


_  IR _ 

Combining  the  results  of  subsection 
3.4.4.1.13  on  the  irrediance  at  the 
optical  image  plane  ana  the  above 
subsections  on  detectors,  we  can 
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ratio  as  discussed  in  parallel  for 
the  FLIR  has  no  meaning  until 
after  the  signal  is  stored  and 
read  out  by  the  electron  scanning 
beam  in  the  signal  processor. 

After  scanning*  a  video  signal-to- 
noise  ratio  can  be  defined. 

(SNR)e  <2e) 

where  Af  and  A^  are  defined  in  the 
next  paragraphs. 


immediately  determine  the  large 
target  signal-to-noise  ratio  at  the 
detector  output  which  we  will  call 
signal-to-noise  ratio  video  chanrel 
(SNR)C. 

From  the  definition  of  D*  (X), 


Atj  is  the  area  of  a  detector  element 
and  is  related  to  the  .instantaneous 
field  of  view  of  the  sensor  for  that 
element  by  the  foc«l  length  of  the 
optics.  This  sensor  instantaneous 
f ield-of-view  (6)  is  an  important 
parameter  of  an  IR  system.  Using  6X 
and  6^  to  Indicate  the  instantaneous 
f ield-of-view  in  two  orthogonal 
directions 


-  F  6  5 

e  x  y 


Of  is  the  noise  bandwidth  for  the 
noise  measurement .  Thi3  bandwidth, 
to  a  great  extent,  is  often  arbitrary 
tor  an  imaging  system  since  the  final 
operator-determined  bandwidth  is  the 
important  one  and  indeed  a  deliberately 
wide  bandwidth  may  be  used  in  the 


iOS 


TV 


_ IR _ 

sensor  so  as  not  to  reduce  the  system 
MTF.  Consequently,  for  the  purpose 
of  uniformity,  an  electrical  bandwidth 
equal  to  the  reciprocal  of  twice  the 
minimum  dwell  time  of  an  image  point 
on  the  detector  is  recommended.  <*»f 
however  is  not  the  electrical  bandwidth 
but  the  noise  bandwidth  of  the  sensor. 
That  is,  it  is  the  bandwidth  based  up¬ 
on  the  noise  spectral  density  at  some 
arbitrary  frequency  which,  when  multi¬ 
plied  by  that  power  density,  will  pro¬ 
vide  the  correct  nois?  power.  For 
this  reason,  the  noise  spectrum  of  the 
sensor  and  the  D*  at  one  frequency 
must  be  known.  If  a(f)  is  the  noise 
voltage  spectral  density  and  a(fQ)  is 
the  value  of  c(f)  at  fQ  (the  frequency 
at  which  the  D*  was  measured)  and  if 
C(f)  is  the  transfer  function  of  the 
bandwidth  determining  electronics 


For  white  noise,  the  noise  bandwidth 
and  elec:ricrl  bandwidth  are  similar, 
e.g.,  for  a  single  RC  low-pass  filter 
the  electronic  bandwidth 

Afe  equals  .  (31) 
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TV _ IR _ 

For  non-white  (but  gaussian)  noise 
the  concept  of  Af  is  useful  for 
sensor  measurement  prediction  but  the 
relative  noise  spectral  density  func¬ 
tion  must  be  determined  for  complete 
system  performance  prediction. 

Continuing  with  the  analysis,  we  use 
the  discussion  of  subsection  3.4.4.1.13 
for  the  signal  at  the  detector  input 

A  W  (X) 

t  H.(\)  -  - 5 - ,T0(X)  (32) 

1  (2£/No.) 

and  from  subsection  3. 4.4. 2. 2 

D*(X)  -  D**(X)  T|t  Cy1/?  2f /No.  (33) 

then 

i  4  T|  1)  ’ d 

(SNR)  ■-*  y  *  .**  J  T  (X)D**(X)4W  (X)<SX  (34) 

C  2(6f)1/Z  X  °  * 


3.4. 4. 3  Signal  Processor 

The  signal  processor  is  functionally  illustrated  in  Figure  30.  The  photon 
receiver  output  must  be  matched  with  a  low-noise  preamplifier,  amplified 
to  a  usable  level,  and  then  prepared  f  :  >lay.  For  either  system  the 
preparation  for  display  involves  modi  frequency  response  and 

the  amplitude  response  of  the  system. 

Modifying  the  frequency  response  may  be  to  limit  the  noise  (bandwidth)  or 
may  be  to  provide  high-frequency  boost  to  improve  the  system  KIF.  In  this 
case,  the  phase  shift  than  can  be  introduced  must  be  considered  and  the 
OTF  optimised. 
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The  amplitude  function  relates  the  input  signal  amplitude  to  the  output 
amplitude.  At  the  very  least,  the  electronics  must  control  the  gain 
(contrast),  dc  level  (brightness),  and  the  saturation  characteristics. 

In  addition,  it  can  be  used  to  make  the  total  system  linear  or  deliberately 
nonlinear • 


_ TV _ 

In  a  high-performance  television 
camera,  the  photoelectron  image 
generated  by  the  input  photo- 
cathode  is  accelerated  to  a 
phosphor  by  a  potential  difference 
of  up  to  15  kV.  The  phosphor  re¬ 
creates  a  visible  image.  With  the 
maximum  voltage  applied,  the  phos¬ 
phor  produces  approximately  100C 
photons/eieccron.  This  amplified 
image  is  then  transferred  to  a 
second  photosurface  via  fiber 
optics  with  at  efficiency  of  about 
50  percent.  The  second  photo¬ 
cathode  then  reconverts  the  photon 
image  with  an  efficiency  of  from 
5  to  10  percent  so  that  the  net 
gain  of  the  phosphor,  fiber  optic, 
and  second  photosurface  is  between 
25  and  50.  This  gain  may  be  con¬ 
sidered  noiseless  except  as  the 
MTK  ot  the  phosphor  particles  and 
fiber  optics  affects  noise. 

The  amplified  pt.otoelectrcn  image 
is  then  acrelented  to  the 


_ _ _ IR _ 

It  is  not  important  in  this  analysis 
whether  the  outputs  from  an  array 
of  detectors  are  time  multiplexed, 
delayed  and  sunned,  or  parallel 
processed.  (See  Figure  26,) 

Multiplexing  is  used  to  provide  a 
fast  scan  in  a  direction  parallel  to 
the  detector  array  length  while  the 
array  is  slow  scanned  in  a  direction 
normal  to  its  length.  Since  the 
multiplexer  is  a  time  sequential 
sampling  switch  (nonlinear)  it  i.\ 
necessary  that  the  per  channel  band¬ 
width  be  limited  to  less  than  twice 
the  per  channel  sampling  frequency. 
Otherwise,  unwanted  signals  will  be 
generated  within  the  system  bandpass. 
These  signals  are  referred  to  as 
"aliases."  Another  characteristic 
of  the  multiplexer  is  that  the  time 
parameter  of  the  signal  becomes 
related  to  the  fast  scan  direction 
rather  than  the  slow  (detector)  scan 
direction.  Hence,  time  (or  temporal 
frequency)  effects  on  the  signal 
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gain-storage  target.  Depending  on 
the  type  of  target  and  accelerat¬ 
ing  voltage,  an  additional  gain  of 
from  3  to  2000  is  obtained. 

Again,  this  gain  is  noiseless. 

The  new  amplified  electron  imrge 
is  then  stored  by  the  storage  tar¬ 
get  for  the  period  between  scans 
of  the  electron  beam.  The  elec¬ 
tron  beam  scans  the  gain-storage 
target  point  by  point  in  a  raster 
fashion.  Because  of  the  signal 
storage,  the  signal  utilization 
efficiency  is  unity. 

In  the  discussiot  which  tollcws, 
the  HIT  effects  and  some  noise 
sources  are  ignored  in  the 
interests  of  iilustrational 
simplicity.  However,  these 
factors  will  be  included  in  later 
discussion.  The  incremental  sig¬ 
nal  current  in  the  target  lead, 

AI,  which  represents  the  stored 
image  read  out  by  the  beam  is 
given  by 

AI  -  C,  C  A  h  e  05) 

l  T  ip  v  h 

where  Gj  is  the  intensifier  gain, 

G_  is  the  target  gain,  A.  is  the 
T  ip 


_ IR _ 

affect  spatial  distribution  of 
brightness  in  that  direction.  The 
advantages  of  such  a  scheme  arc  that 
the  optical  seen  rates  can  be  re¬ 
duced  and  by  reducing  the  information 
bandwidth  reqi irement  for  each  chan¬ 
nel,  the  signal- to-noise  ratio  of 
the  sensor  and  the  system  improved 
as  the  square  root  of  the  number  of 
independent  channels.  The  disadvan¬ 
tages  result  from  the  large  band¬ 
width  required  in  the  final  video 
channel  and  the  low-level  low-noise 
switching.  The  fact  that  the  band¬ 
width  gets  large  tends  to  result  in 
a  compromise  which  leaves  the  system 
sampled  data  limited  in  tvo  dimensions. 

Delay  Knes  and  summing  are  used 
when  detectors  are  scanned  in  series 
using  optical  scan  for  both  axes  of 
the  sensor  f ield“of “view.  This 
technique  generates  a  single  video 
signal  which  can  be  processed  as 
though  only  a  single  detector  had 
been  used  and  tne  time  parameter 
relates  to  space  in  the  direction  o€ 
the  high-speed  scan.  The  advantages 
of  such  a  scheme  are  that  the  signal 
rrom  each  detector  will  add  linearly 
while  the  noise  adds  with  random 
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photoelectron  current  generated  by 
the  input  photosurface  and  ev  e^ 
are  the  vertical  and  horizontal 
scanning  efficiencies  respec¬ 
tively.  The  rms  noise  current  at 
the  target  lead  is  given  by* 


where  e  is  the  charge  of  an  elec¬ 
tron  iav  is  the  average  input 
photosurface  current,  and  Afv  is 
the  video  bandwidth.  The  quantity 
2eiav  Afv  can  be  recognized  as  the 
mean  square  photosurface  shot 
nolce. 


phase-  Therefore,  the  signal-to- 
noise  ratio  again  improve*  as  the 
square  root  of  the  number  of  indepen¬ 
dent  channels  and  the  scanning  of 
many  channels  by  overscan  leads  to 
very  high  uniformity  of  displayed 
signal  and  noise.  The  disadvantages 
of  the  system  are  that  the  large 
bandwidth  required  right  out  of  the 
detector  pushes  the  present  state  of 
the  art  limiting  the  number  of  picture 
elements  per  second  and  precluding 
effective  scan  overlap  leaving  the 
system  sampled  data  limited  in  one 
direction.  Also  the  scan  speeds  re¬ 
quired  are  a  mechanical  design  burden. 


The  Video  signal-tc-noise  ratio, 
SNRy,  at  the  target  lead  can  now 
be  written  as 


SNRv 


.4L 

i«t 


ci  ct  eh 


[fes  “ ' 


Af 


•I 
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on 


In  the  case  where  is  insuf¬ 

ficient,  the  preamplifier  noise 
may  be  a  factor.  Assuming  for  th< 
moment  that  the  preamplifier  noi«? 


The  parallel  processing  approach 
processes  each  detector  channel  in 
parallel  driving  an  array  of  light 
sources.  In  this  case,  slow  optical 
scan  and  narrow  per-channel  band- 
widths  result.  It  miniuizes  the 
electronic  bandwidth  required  iti 
each  channel  and  introduces  the 
possibility  of  optical  signal 
processing.  By  this  technique,  con¬ 
siderable  overscan  and  overlap  can 
be  Implemented  with  relatively  low- 
speed  optical  scanning.  The  dis¬ 
advantage  is  that  each  channel  in  a 
complete  signal  processing  channel 


*For  a  photoelectron  noise  limited  system 
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IR 


is  white  and  of  mean  square  value, 

2 

Ipfl>  referenced  to  the  preampli¬ 
fier  input, 


(38)  SNR 


GI  °T  Aip/ev  eh 


44  2ei  2 


Leveh 


av  v  pa 


Clearly,  the  preamplifier  noise 
will  become  negligible  if  the  gain 
(Gt  G  /e  e.)  is  sufficient.  How- 
ever,  when  A  ^  becomes  very  large, 
it  is  an  advantage  to  decrease 
gain  in  order  to  reduce  the  mean 
square  photoelectron  noise. 


(i.e.,  single  video  channel  proc¬ 
essing  is  not  possible).  And,  there¬ 
fore  if  many  channels  are  used,  the 
electronics  and  the  requirement  for 
matching  and  adjustment  can  become 
burdensome . 

For  any  of  these  processes,  the 
first  step  is  an  effective  pre  ampli¬ 
fier.  To  be  effective,  a  preamplifier 
must  provide  gain  over  a  significant 
bandwidth  without  adding  significant 
noise.  For  this  analysis,  it  should 
suffice  to  »ay  that  the  more  effort 
that  goes  into  reducing  the  noise 
photons  on  a  detector  the  more 
difficult  the  problem  can  be,  espe¬ 
cially  for  the  lower  respon^ivity 
photodiodes .  If  the  preamplifier 
can  perform  as  desired,  it  does  not 
affect  the  performance  analysis .  If 
noise  is  added  comparable  t c  the 
detector  noise,  it  roust  be  included 


spectrally  and  a  new  video  signal-to- 
noise  calculated,  (SNR)^. 


This  is  most  conveniently  analyzed 

by  introducing  a  system  detectivity, 

D*  ;  sometimes  called  prea*> 
sys  r 

limited  D*.  Defining  D*  as  was 

°  sys 

done  for  the  detector  but  now  work¬ 
ing  at  the  preamp  output  we  can 
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derive  an  expression  for  D* 

Sy  b 


terms  of: 


in 


D*(f)  =  Detector  detectivity  as 

a  function  of  signal 
frequency. 

NF  *  Noise  factor  for  the  pre¬ 
amp;  the  ratio  of  preamp 
output  noise  power  (re¬ 
ferred  to  the  input)  to 
the  uoise  power  for  an 
ideal  Johnson  noise 
limited  input  source. 

n  *  Spectral  noise  density  of 
J  a  Johnson  noise  source. 


R(f )  *  Responsivity  of  the 

detector;  volt/watt. 

A  *  Area  of  the  detector. 


nd  *  Detector  noise  spectral 
density. 


Using  these  definitions  and  remember¬ 
ing  that  the  detector  noise  equivalent 
power  (per  H*.)  or  NEP  is  related  to 
the  D*  by 


NEP(f) 


JL. 

D*(f) 


we  can  determine  the  noise  voltage 
(current)  at  the  detector  output  by 


n 


D*ffT  R(f) 


The  preamp  noise  referred  to  the  pre¬ 
amp  input  (detector  output)  is  given 


(np)2  =  NF(tij)2. 


The  total  noise  limiting  the  system 
in  this  case  becomes 


2  2  .  2 
°T  “  "p  +"d 


The  noise  equivalent  power  for  this 
combination  then  becomes 


and  therefore  by  substitution 


(±-)2  +  el  (Jl±.)2 

L>D*/  A  \R(f )/ 


k  f  .h.) 

A  R(f). 


is  significantly  less  than 


then  D*SyS  ■  D*  and  the  system  is 
not  limited  by  the  preamp.  On  the 
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hand,  if  it  is  significantly 
greater  than 


the  system  SNR  is  determined  by  the 
preamplifier  noise  and  a  better 
preamp  or  higher  responsivity  de¬ 
tector  should  be  used  or  else  the 

SNR.  must  be  calculated  using  D* 

C  *  sy«* 

rather  than  D*  in  Eq.  34. 

This  treatment  of  alternate  noise 
sources  is  standard.  For  an  IR  sys¬ 
tem,  it  usually  possible  to  design 
the  system  so  that  the  noise  con¬ 
tribution  of  :he  electronics  is 
negligible  and  this  will  generally 
be  assumed  here.  This  is  a  very 
important  consideration  since  the 
optimization  criteria  of  the  system, 
in  terms  of  spectral  filtering  and 
number  of  channels,  would  be  changed 
drastically. 

The  video  signal-to-nolse  ratio  can 
be  affected  in  other  ways  by  a  multi¬ 
plexer.  A  multiplexer  can  introduce 
switching  spikes,  dc  offsets  from 
channel-to^channel,  and  noise  folded 
into  the  passbaud  because  of  too  low 
a  sampling  frequency.  These  effects 
will  not,  in  general,  be  treated 
here  since  they  should  be  precluded 
by  design. 


a  '.MW— KIM..!1* 


3. 4. 4. 4  Sensor  Performance^ 

The  output  of  the  sensor  (sometimes  a  gimbaled  unit)  is  a  convenient 
point  at  which  to  define  and  measure  a  set  of  performance  parameters. 

These  performance  parameters  are  then  necessary  but  not  sufficient 
requirements  to  obtain  total  system  performance. 

The  measurements  of  f ield-of-view  and  frame  rate  are  rather  obvious  by 
the  definition. 

Resolution  is  normally  measured  cnly  in  the  direction  of  scan  since  in  the 
direction  normal  to  scan  the  system  is  typically  sampled-data  limited. 

This  is  an  exhaustive  area  of  concern  and  later  will  be  discussed  more 
completely.  For  now,  it  is  adequate  to  state  that  when  you  scan  with  an 
aperture  (to  read  out  the  image)  you  are  sampling  the  image  continuously 
in  direction  of  scan  and  once  per  scan  line  in  the  other  direction.  If 
the  image  has  information  that  contains  high-spatial  frequencies,  it  is 
important  that  the  scan  lines  be  close  together,  i.e.,  have  a  high- 
sampling  frequency.  To  faithfully  reproduce  an  image,  it  is  necessary 
that  the  image  contain  no  frequency  above  half  the  sampling  frequency  and 
that  the  display  limit  the  spatial  frequency  of  the  output  in  a  like  manner 
(a  statement  of  Shannon ' s  sampling  theorem).  In  practice,  this  requirement 
is  compromised  in  the  interest  of  ease  of  design  and  the  result  is  what 
is  commonly  known  as  raster  effect.  This  can  limit  the  system  at  least 
in  one  direction.  If  a  mosaic  or  a  multiplexer  ar  in  a  FLIR  is  used, 
then  the  system  can  be  sampled-data  limited  in  two  dimensions  and  the  con¬ 
cept  ot  WTF  and  resolution  as  commonly  used  applies  only  for  a  limited 
frequency  range.  In  FLIR  and  TV,  we  will  mean  the  KTF  in  the  direction 
of  scan  except  where  we  arc  addressing  the  sampled-data  limitation.  The 
resolution  at  the  output  of  the  sensor  is  determined  by  either  measuring 
the  electrical  output  for  a  line  input  or  by  measuring  the  modulation 
for  a  cyclic  (bar  chart)  input. 


The  sensitivity  at  any  point  and,  in  particular,  at  the  sensor  output 
can  be  determined  by  measuring  the  signal-to-noise  ratio  for  a  specific 
input.  Alternately  stated,  the  input  which  would  provide  an  arbitrary 
signal-to-no*je  ratio  can  be  determined.  When  an  electrical  signal  is 
measured,  it  has  become  conventional  to  measure  the  peek  signal  to  rms 
noise  since  this  has  meaning  especially  with  regard  to  electronic  thresh¬ 
olds.  In  an  imaging  system  where  it  will  be  shown  that  the  man  processes 
the  image  as  a  function  of  the  signal,  it  is  necessary  to  know  the  noise 
spectral  characteristics.  Therefore,  for  a  sensitivity  measurement  at 
the  output  of  the  sensor,  we  use  the  signal  required  for  a  SNR  of  unity 
with  an  (arbitrary)  wide  noise  bandwidth  plus  a  noise  relative  spectral 
density  curve.  Defining  arbitrary  bandwidth  as  the  reciprocal  of  twice 
the  point  image  dwell  time  instead  of,  say,  a  1  Hz  bandwidth  will  provide 
an  indication  of  small  target  sensitivity.  And,  since  most  systems  will 
approach  the  white  noise  case,  will  permit  easy  extrapolation  to  other 
target  sizes  for  many  systems. 


In  TV  system  design,  video  SNRs 
are  measured  but  seldom  used  to 
specify  systems  although,  a  maxi¬ 
mum  SNR  capability  is  occasionally 
required.  A  noise  equivalent 
irradiance  level  concept,  similar 
to  the  NET  concept  used  in  FLIR, 
could  be  developed  provided  that  a 
reference  video  bandwidth  is  spec¬ 
ified.  The  utility  of  such  a 
measure  has  not  been  determined. 


The  signal-tu-noise  ratio  at  the 
output  of  the  sensor  for  a  well 
designed  system  is  from  subsection 


3. 4. 4. 2. 3. 


(SNR), 


5  6  T|  T) 

x  y  s.  5 


J*  t0(X)d**(X)m'(X,  T)  dX  (40) 

X 

For  a  FLIR  sensor,  the  noise  equiva¬ 
lent  input  of  interest  is  the  noise 
equivalent  AT  or  NET,  the  tempera¬ 
ture  difference  between  adjacent 
large  objects  which  would  provide  a 
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We  can  then  write 


Af  is  a  reference  bandwidth  and  a 
function  of  the  method  of  scan  and 
the  degree  of  overscan,  etc.  While 
NET  is  a  useful  number  for  compari¬ 
son  and  analysis,  it  is  important 
that  criteria  for  choosing  the  ref¬ 
erence  bandwidth  be  understood.  It 
has  been  almost  universally  agreed 
that  the  bmdwidth  will  be  that  equal 
to  the  recinrocai  of  twice  the  image 
point  dwell  time  on  a  detector  as  the 
imag?  scans  over  a  detector  element. 
While  it  is  conventional  to  relate 
the  bandwidth  to  the  scan  parameters, 
this  will  not  be  done  here.  Appen¬ 
dix  v,  however,  presents  a  derivation 
of  NET  without  the  constraints  of 
considering  TV  comparison.  This 
analysis  of  the  appendix  follows  more 
directly  in  IR  terms. 


The  usefulness  of  NET  is  that  lor  r. 
well -designed  system,  the  video 
s ignrl-to-noise  ratio  (SNR)v>  for  an 


AC  TV 


DISPLAY 


_ FLIR _ 

input  of  AT  can  be  predicted  directly. 
That  is, 


<SNR)v 


AT 

NET 


(42) 


where  the  4 f  «  the  reference  band- 
o 

width. 


The  display  transforms  the  input  video  electronic  signal(s)  into  a  two- 
dimensional  visible  display.  In  most  cases,  the  mechanization  is  a  CRT 
which  has  the  electron  beam  amplitude  modulated  by  the  video  and  deflected 
in  synchronism  with  the  scan  and/or  multiplexer  of  the  system. 

Variations  in  the  luminance  of  the  display  correspond  to  the  amplitude 
variations  in  the  video  signal.  Random  noise  on  the  video  is  displayed 
as  "snow”  or  random  variations  on  the  display.  It  is  possible  that  the 
display  could  add  noise  to  the  image  but  generally  this  is  not  the  case. 
When  the  input  to  the  display  is  noisy  the  display  is  considered  as  part 
of  the  signal  processing  under  good  conditions.  The  gain  of  the  system 
can  be  turned  down  however  until  no  noise  is  noticed  on  the  display  (yet 
the  display  is  bright)  and  a  very  high  quality  image  is  observed;  a  high 
signal-to-noise  ratio  case.  In  this  situation,  the  noise  from  the 
random  generation/detection  of  photons  limits  perception  by  the  observer. 
This  case  is  the  basis  for  the  non-noise  limited  resolvable  temperature 
(RT)  concept  discussed  in  reference  11. 

For  this  study,  it  will  be  assumed  that  the  display  MTF,  brightness,  size, 
and  dynamic  range  are  its  important  characteristics  and  are  the  same  for 
each  system. 


j 
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3. 4. 5.1  Magnification  M 


An  important  parameter  when  relating  the  system  to  the  operator  is  magni¬ 
fication.  The  magnification  of  the  system  is  the  ratio  of  the  angle  the 
image  of  an  object  subtends  at  the  eye  of  the  observer  to  the  angle  the 
object  subtends  at  the  sensor.  It  can  also  be  considered  as  the  ratio 
of  f ields-of-view.  That  is  if  the  display  subtends  20°  at  the  normal 
viewing  distance  and  the  system  has  a  4°  f ield-of-view,  the  magnification 
is  5X.  If  an  eyepiece  display  is  used,  magnification  is  a  constant  but 
with  a  CRT  display  magnification  will  vary  with  viewing  distance  since 
it  is  a  function  of  display  size  and  viewing  distance.  It  is  important 
when  comparing  systems  of  the  same  reported  resolution  that  they  be 
compared  at  the  same  magnification  or  else  the  observer  limitation  can 
cause  variations. 

3.4.6  RELATING  THE  PERCEIVED  SIGNAL-TO-NOISE  RATIO  TO  THE  VIDEO  SIGNAL - 
TO-NOISE  RATIO 

3. 4. 6.1  Introduction 


It  has  already  been  discussed  in  section  3.3  that  the  operator  makes  his 
detection/recognition  decisions  eased  upon  what  we  call  the  perceived 
signal-to-noise  ratio.  Also,  it  was  discussed  that  system  performance  is 
often  predicted  based  upon  a  more  easily  measured  (and  calculated)  video 
cignal-to-noise  ratJo  existing  within  the  electronics,  therefore,  in 
systems  using  a  raster  generated  display  it  is  often  desired  to  know 
the  relationship  between  the  video  or  electronic  signal  to  noise  ratio 
(SNR)v  and  the  perceived  signal-to-noise  ratio  (SNR)p. 

(SNR)  assumes  that  the  operator  is  a  spatial  and  temporal  integrator. 

P 

It  also  generally  includes  signal  losses  due  to  the  MTF  of  the  eye  and 
noise  increases  due  to  Internal  eye  noise.  For  a  well  designed  system 
operating  at  maximum  sensitivity,  the  display  will  be  of  sufficient  size 
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and  brightness  that  the  degrading  effects  of  the  eye  are  negligible  and 
only  the  integration  need  be  considered. 

(SNR)v  requires  (assumes)  an  (often  arbitrary)  bandwidth  and  a  noise 
spectral  density  which  must  be  noted  for  (SNR)v  to  be  meaningful.  For 
many  situations,  white  noise  and  a  reference  video  bandwidth  Afy  can  be 
assumed. 

What  follows  will  calculate  the  (SNR)  for  the  general  case  using  the 

P 

approach  of  0.  H.  Schade,  Sr.  The  test  objects  that  will  be  considered 
are  a  simple  isolated  bar  and  a  simple  bar  of  a  repetitive  pattern. 

These  two  cases  will  be  referred  to  as  "aperiodic"  and  "periodic." 

A  more  general  detection/recognition  theory  is  discussed  in  subsection 
3.7  based  upon  these  predictions  and  it  is  shown  that  this  approach  is 
compatible  with  J.  Johnson's  criteria. 

The  first  step  in  the  analysis  is  to  relate  the  temporal  variable  of  the 
electronic  signal  to  the  spatial  variable  cf  the  display.  Then  the  effects 
of  integration  on  signal  and  noise  are  discussed.  Next  the  size  of  the 
image  is  related  to  the  size  of  the  object  and  the  system  MTF*.  Then, 
the  perceived  signal-to-ncise  ratio  of  a  single  line  and  single  frame 
of  the  image  is  calculated.  Finally,  the  total  image  and  multiple  frame 
integration  for  the  time  constant  of  the  operator  will  be  included  to 
predict  (SNR)^. 

3. 4. 6. 2  Analysis  -  Relating  Time  and  Space 

To  relate  the  temporal  and  spatial  variables,  consider  the  following 
parameters 

N  ■  Number  of  bar  widths  per  picture  height 

n  ■  Number  of  independent  parallel  video  iin*»s  at  the  point  of 
measuring  SNRV  and  Af  .  (For  TV,  this  if.  typically  1) 
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n^  ■  Number  of  scan  lines  per  picture  height  (Raster  frequency) 

Afv  *  Noise  bandwidth  in  each  video  line  in  Hs 
€  ■  Bar  height-to-width  ratio 

Or  ■  Display  width-to-height  ratio 
H  *  Display  height  (angular  subtense) 

W  ■  Display  width  (angular  subtense) 
x,y  ■  Spatial  variables  (angular  or  linear) 
t  ■  Time  variable 

T  ■  Frame  time  -  Average  time  to  display  a  comnlete  f ield-of -view 

t|gc  »  Scanning  efficiency;  the  percentage  of  T  that  is  used  tc 
scan  the  image  assuming  a  linear  sweep. * 


The  scanning  of  the  video  signal (s)  onto  the  display  transforms  the 
temporal  variables  of  the  video  signal  into  spatial  variables  in  the 
displayed  image.  The  time  t^  for  a  single  line  to  scan  across  a  bar  of 
width  N"1  is  given  by 


t 


1 


nx  Nor 


(43) 


and  the  reference  frequency  (and  noise  bandwidth  as  discussed  later)  for 
this  bar  defined  as  (2tj)’l  is  given  by 


f 


nx  NO 
2nT*n 


sc 


(44) 


The  following  comments  will  provide  a  better  understanding  of  some  of  the 
parameters: 


£ 

For  nonlinear  sweeps  (e.g.,  sinusoidal)  special  considerations  are 
necessary  but  sin-ilar  definitions  can  be  developed. 
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For  a  TV  system,  a  single  video 
channel  (i.e.,  n  ■  1)  providing 
n}  displayed  lines  per  frame  is 
comoon.  Often  n^/T|gc  is  quoted 
as  the  number  of  lines;  e.g., 
525.  or  for  TV  is  typically  4/3. 


For  IR,  there  may  be  n  parallel 
channels  (at  least  at  the  point  of 
measuring  (SNR)v  and  somewhat  indepen¬ 
dently  n^  lines.  Even  in  a  multiplexed 
system,  it  is  often  desirable  to 
relate  the  temporal  variables  of  the 
multiple  parallel  (or  series)  channels 
to  the  spatial  variables  of  the 
display. 


3. 4. 6. 3  Analysis  -  The  Effects  of  an  Integrator 


Before  getting  into  the  analysis  it  is  necessary  to  realize  what  an  inte¬ 
grator  does.  A  perfect  integiator  continuously  sums  the  values  of  a 
function  for  a  set  period  of  time  or  space.  There  are  two  effects  of 
interest:  the  low  frequency  gain  is  proportional  to  the  duration  of.  Inte¬ 
gration;  the  response  to  high  frequencies  relative  to  low  frequencies 
reduces  as  the  duration  is  increased.  Specifically,  the  normalized 
frequency  response  of  an  integrator  is  giren  by 


s inn  vu 
f*  vu 


(45) 


where  v  is  the  dummy  frequency  variable  (space  or  time)  and  u  is  the 
duration  variable.  The  low  frequency  response  is  proportional  to  u. 

If  white  noise  is  being  integrated,  then  the  variations  in  the  output  of 
the  integrator  from  integration  period-to-integration  period  (which  is 
the  integrator  output  noise)  are  predicted  from  the  noise  spectral 
density  of  the  input  white  noise  0(f)  by  the  multiplying  by  the  square 
root  of  the  noise  bandwidth  and  duration  of  the  integration.  The  noise 
bandwidth  (in  lines  or  half  cycles)  of  tne  integrator  is 


N 


e 


r  <*'ro>  av 


u 
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Consequently,  the  tms  integrator  output  noise  is 


(I  >  “  0O1/2  *  ff(f)  *  u  *  K  (47) 

where  K  is  a  ga<n/unit  conversion  constant. 

If  a  signal  of  constant  value (s)  were  integrated  by  the  same  process  for 
period  u,  the  output  signal  (S)  would  be 

S  »  s  u  K  (48) 

The  signal-to-noise  ratio  oi  such  a  process  would  be  given  by 

SNR  ■  - rfr -  (49) 

(Ne)l/,£  j(f) 

which  for  white  noise  is 

1/2 

SNR  -  (S0) 

or  the  SNR  is  proportional  to  the  square  root  of  the  integration  duration. 
It  should  be  noted  that  the  definition  of  7(f)  as  noise  spectral  density 
implies  a-,  integration  for  the  miration  of  1  cycle.  Therefore,  the 
integration  is  suntning  up  independent  samples  of  1  eyrie  duration  and  as 
is  commonly  noted  when  the  signal  is  coherent  from  samp le- to- sample ,  the 
SNR  improves  as  the  square  root  of  the  number  summed;  i.e.,  the  square 
root  of  the  integration  duration. 

If  the  noise  is  not  broadband,  then  Mie  noise  bandwidth  is  not  determined 
solely  by  the  integration  process  but  also  by  the  spectral  characteristics 
(bandwidth)  of  the  noise  being  integrated.  Consider  the  case  of  band- 
limited  white  noise  which  is  flat  from  approximately  dc  until  rolled  off 
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by  a  filter  with  noise  bandwidth  Ne^.  For  this  case,  as  the  integration 
duration  becomes  small  compared  to  Nei"*,  the  bandwidth  is  not  affected  by 
changing  u.  Indeed,  by  extension  of  the  theory  diccussed  in  Appendix  II 
a  good  approximation  for  the  total  bandwidth  is  given  by 

(Nen>'2  ’  (Ne2>'2  +  (Nel>'2  <51) 

where 

*”  total  noise  bandwidth  out  of  integrator 
Nc2  "  noise  bandwidth  of  integrator 
Kei  *  noise  bandwidth  of  noise  into  integrator 

Hence,  the  noise  from  an  integrator  can  generally  be  predicted  by  the 
expression 

<In>  •  (Nen)l/2  x  3(f)  x  U  xK  (52) 

and  the  (SNR)  by 

SNR  •  - J75 -  (53) 

(N  )‘ 3(f) 
en 

where  It  should  be  remembered  that  N  is  the  total  noise  bandwidth  for 

en 

the  noise  including  the  band  limiting  characteristics  of  the  integration. 
3.4. 6. 4  Analysis  -  The  Size  of  the  Image 

Since  the  (SNR)p  is  the  lesult  of  integration  over  the  image,  it  will  be 
necessary  to  determine  hou  large  the  image  is  as  a  function  o:  object 
size.  This  can  be  done  rigorously  using  the  system  HTF  (more  correctly 
the  OTF)  and  the  Fcurit.  transform  of  the  object  However,  it  is  easier 
to  use  the  approximations  suggested  by  0.  H.  Schade,  Sr.,  and  discussed 
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in  Appendix  II.  Therefore,  the  concept  of  system  and  component  equiva¬ 
lent  apertures  of  dimensions  (N  )“*  x  (N  will  be  used  and  (as  is 

6x 

completely  rigorous  for  gaussian  functions  and  has  been  shown  to  be  a 
good  approximation  for  most  cases  of  interest)  it  will  be  assumed  tltey 
add  in  an  rss  manner.  For  an  aperiodic  object  of  ciio^nsions  N"*  by 
(N/*)“*  the  equivalent  size  of  the  image  will  be  approximately 


N  N 


ex 


N  N 


2  2 
(N  +  N  ) 
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For  the  periodic  case,  it  is  important  that  the  width  of  the  image  equals 
the  width  of  the  object  Therefore,  the  image  of  a  single  bar  of  a 
pattern  would  have  the  dimensions 


N~l  by 


N  N 


£2 _ — 

2  V  1/2 

OT  +  <c  Ncy)/) 


(55) 


Again,  it  should  be  remembered  tha:  N  is  the  object  width  per  picture 
height  and  (  is  the  target  object  height  to  width  vatic  and  the  system 
KITs  are  such  as  to  warrant  separation  o:  variables. 


For  a  bar  input,  she  SNR^  out  of  such  a  system  is  the  integral  over  the 

image  of  the  bar  and  over  the  number  of  independent  frames  presented  in 

the  time  constant  of  the  eye.  The  easiest  method  f^r  calculating  the 

integrals  is  to  first  calculate  the  irtegrsl  for  c 'e  raster  line  in  the 

direction  of  scan  and  then  integrate  ever  tht  number  of  lines  on  the 

image  in  the  cross  scan  direction.  1*  is  important  that  the  whole 

theory  breaks  down  and  predicts  i  emits  which  are  too  optimistic  when 

the  raster  starts  to  limit.  That  is,  wHn  there  are  insufficient  raster 

lines  per  image  for  spatial  invariance  t  >  be  approximated.  In  general, 

there  must  be  at  least  two  raster  ti»es  ^r  <N  )"*  or  rhe  theory  only 

*  y  -1 

holds  for  large  ta:gets  w.^re  the  t  are  many  .  ines  ;er  (N/t)  .  Tliat  is 

while  small  bright  objects  can  stil'  be  seen  hey  are  not  seen  at  well 
as  would  be  expected  if  the  rastts  criterion  is  not  .at. 


t 

i 


12 


There  are  two  significant  and  related  differences  when  considering  ore 
bar  by  itself  rather  than  a  bar  in  a  periodic  array.  In  the  periodic 
array,  tr»a  width  of  the  image  equals  the  width  of  the  ODject,  In 

the  aperiodic  case,  the  width  of  the  image  of  tne  bar  is  increase!  due 
to  convolution  of  the  bar  object  with  the  system  aperture  in  the  x 
direction  Nex’^ .  This  convolution  results  in  an  image  width  of 
approximately 

-2  -2  1/2 

(N  +  N  )  ;  (Refer  to  Appendix  II.) 

At  the  same  time,  the  amplitude  reduction  of  the  bar  signal  is  different 
for  the  two  cases.  For  the  periodic  case,  0.  H.  Schade,  Sr.,  introduced 
the  square  wave  flux  transfer  function  (R  ^)  which  predicts  the  effect 
tive  amplitude  of  the  image.  Figure  31  (from  reference  5)  shows  the 
relative  values  for  the  sinewave,  square  wave,  and  flux  transfer  func¬ 
tions  for  a  Gaussian  system  impulse  response.  RSqf  is  given  in  terms 
of  the  sinewave  response  TL  by  the  expression 

00 

Rsqf  (N)  “  "T  r-  ~ T  R(pN);  p  “  (2n  *l)  (56) 

it  n  *-  1  (p) 


while  for  most  frequencies  uf  interest  the  following  approximation  is 
useful . 


V57) 


For  aperiodic  images  the  integral  over  the  output  image  equals  (except 
for  gain)  the  integral  over  the  input.  This  was  tr.  ated  in  detail  in 
reference  11  (High  Perfoimancc  1R  Systems  Study)  for  the  ca^e  uf  a  FLIR 
system.  Here,  the  treatment  is  meant  to  be  more  general  with  a  minimum 
of  Fourier  transforms  and  the  reader  interested  in  the  subtletieL  is 
referred  to  the  reference- 
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Using  Fourier  transforms  and  realizing  that  the  value  of  the  transform 
at  zero  frequency  corresponds  to  the  area  (volume)  under  the  original 
function  (i.e.,  the  integral  of  interest)  we  have 

f(x  j  -  object  function 
g(x  ^  =  image  function 

r(x  y)  *  system  aperture  function  (impulse  response) 
and  F,  G,  and  R  to  represent  the  Fourier  transforms. 

Jhere  the  symbol  *  indicates  convolution, 


f(x,y)  *  r(x,y)  "  g(x,y) 
FR  -  G 


(58) 


However,  the  integral  over  the  object  AQ  is  F  evaluated  at  0,0  and  R  at 
0,0  is  unity  by  definition.  Hence, 

G  (0,0)  *  F  (0,0)  (59) 

and  except  for  a  gain  ccistant,  the  integral  over  the  image  equals  the 
integral  over  the  object.  This  particular  fact  will  be  used  over  and 
over  again  ir.  what  follows  since  it  is  easier  to  integrate  the  signal 
over  the  constant-amplitude  well  defined  object  than  the  blurred 
(nonconstant  amplitude)  image. 

J .4 . 6 . 5  Analysis  -  Perceived  Signal-To-Noise  -  General 

This  subsection  will  discuss  a  few  major  points  from  which  the  remainder 
of  the  analysis  will  develop.  With  the  above  background,  consider  the 
system  of  the  block  diagram,  Figure  32.  The  signal  is  modified  by  each 
of  the  transfer  functions  (apertures)  in  turn.  Therefore,  the  output 
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Figure  32.  System  Block  Diagram  with  Indication 
of  Transfer  Functions  and  Noise 


signal  is  the  input  signal  as  modified  by  the  total  system  MTF  or  to 
express  it  another  way,  the  image  is  the  object  modified  by  the  total 
system  transfer  function.  The  noise,  on  the  other  hand, is  injected  at 
various  points  throughout  the  system  and  therefore  is  not  modified  by 
the  total  system  MTF  but  only  those  components  following  the  noise 
insertion  point.  It  is  important,  however,  that  some  of  the  transfer 
functions  do  roll  off  the  noise  as  well  as  signal  and  therefore  may  not 
degrade  performance  as  much  as  it  would  first  appear.  It  is  also 
important  that  the  transfer  functions  which  modify  the  electrical  signals 
are  only  one  dimensional  while  the  rest  tend  to  be  two  dimensional. 

To  simplify  the  analysis,  *t  will  be  advantageous  to  assume  that  the 
ncise  at  the  point  of  insertion  is  white.  This  is  not  a  real  loss  of 
generality  because,  by  inserting  dummy  transfer  functions  in  the  block 
diagram,  the  system  can  be  mathematically  reduced  to  this  case. 


Based  upon  these  observations,  it  will  be  advantageous  to  modify  the 
Hack  diagram  to  the  system  of  Figure  33.  In  this  diagram,  all  components 
•  ten  affect  only  the  signal  are  considered  to  be  the  sensor  while  those 
components  which  affect  both  signal  and  noise  are  considered  the  display. 
This  diagram  and  set  of  definitions  Ktads  tc  the  fallowing  parameters. 
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Figure  13.  Equivalent  System  -  Analysis  Diagram 


3. 4.6 ,6  Analysis  -  Perceived  S^gnal-to-Noise  Ratio — Periodic  Object 


In  order  to  relate  the  SNRp  to  the  SN^  for  the  case  of  a  periodic 
object,  we  proceed  as  suggested  and  calculate  tlie  per-frame,  per-raster 
line,  integrated  SNR.  If  i8  is  the  peak  video  signal  for  a  large  object 
input,  then,  the  integrated  signal  for  one  line  and  one  frame  would  be 


1 


sli 


K  S  Rsqf  h 


(61) 


where  t^  represents  and  Juration  of  the  integration  corresponding  to  the 
width  of  the  image  and  K  represents  a  gain  and  unit  constant. 


Using  the  characteristics  of  an  integrator  mentioned  earlier,  the  rms 
value  of  the  integrated  noise  for  one  line  and  one  frame  I ^  would  be 

•  ^11  "  K  *<f>  ‘l  (A'e,/'2  (W) 

where  Af  is  the  noise  bandwidth  of  the  integrated  noise  and  therefore, 

Bu 

includes  the  effect  of  integration  on  bandwidth. 


The  single  frame,  single-line  integrated  SNR  then  becomes 
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Considering  the  necessity  of  having  a  reference  bandwidth  and  noi*e 
spectral  density  for  defining  (SNR)v  we  consider  a  reference  video  band¬ 
width  Afv.  Then 
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We  can  relate  Afy  and  Afgn  to  object /image  spatial  frequencies  if  we  so 
choose.  Using  the  relations  derived  above,  we  have 
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and 
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It  will  be  convenient  at  times  to  have  the  in  terms  of  electrical 
frequencies  rather  than  a  spatial  reference  frequency  and  we  can  obviously 
jump  back  and  forth  as  wr  please.  For  now,  we  will  proceed  with  everything 
in  terms  of  spatial  frequencies.  And  then, 


(SNR)V  *  Rgq£ 


(57) 
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It  should  be  noted  that  N  is  the  total  noise  bandwidth  including  the 

e  nx 

integratioi  over  the  image  in  the  scan  (x)  direction  and  herce 
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where  N  Is  the  bandwidth  of  the  displayed  noise,  i.e.*  the  bandwidth 
imposed  on  the  noise  by  the  components  following  its  point  of  injection. 


The  single-line  single-frame  SNR  then  becomes 


To  obtain  the  integral  over  the  complete  image,  we  must  now  Integrate 
over  the  image  in  the  cross  scan  or  y  direction.  Since  the  raster  tends 
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to  makn  the  process  discrete,  the  integration  becomes  a  summation  and  the 
duration  becomes  the  number  of  elements  (i.e.,  raster  lines)  summed. 


The  integral  of  the  signal  over  the  height  of  the  bar  will  be  the  single 
line  integrated  signal  times  the  number  of  lines  on  the  object.  The 
reason  for  not  using  the  number  of  lines  on  the  sensor  ov  display  image 
is  that  the  integral  over  the  input  equals  the  intergal  over  the  output  and 
since  the  object  amplitude  is  constant,  the  integration  is  easier  over  the 
input.  Therefore,  the  signal  integrated  over  both  dimensions  equals  the 
single  line  integral  times  the  lines  per  object  height  n2» 


For  the  noise  the  integration  duration  is  the  number  of  raster  lines  on 
the  displayed  image  which  is  larger  than  the  object  by  the  effects  of 
the  system  Ng  (aperture) -  While  the  low  frequency  response  is  proportional 
to  the  integration  (summation)  duration,  the  integration  process  reduces 
the  bandwidth  of  the  noise  from  that  representing  one  raster  line  (np, 
to  that  represented  by  the  Image  and  the  display  apertures.  The  noise 
integration  duration,  is  given  by 
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and  the  y  direction  bandwidth  of  the  noise  an  the  output  of  the  final 
integration,  N  ,  is 
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or  considering  the  system  to  consist  of  a  sensor  and  display 


where  N 

esy 


relates  to  the  sensor  which  puts 


out  white  noise. 


(73) 


Since  n^  is  the  initial  noise  bandwidth  (in  lines  not  cycles)  for  the 
cross  scan  direction,  the  total  bar,  single  frame  integrated  SNR  can  be 
written  as 
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which  by  substitution  from  above  yields 


(75) 


Having  cuwflfeted  including  the  effects  of  spatial  integration,  we  then 
need  only  to  include  the  temporal  integration  to  obtain  the  SNR^  for 
the  periodic  rase.  The  temporal  integration  simply  results  in  a  gain 
In  SNR  equ/~l  to  the  square  root  of  the  number  of  independent  frar^w 
that  occur  In  an  operator  time  constant;  that  is 
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Because  the  equation  is  so  cumbersome  and  the  case  where  white  noise  is 
displayed  is  often  (at  least  as  an  approximation)  useful,  parameters 
which  reflect  how  the  display  MTF  effects  the  noise  and  hence  the  SNR^ 
have  been  defined.  The  parameters  are  identically  unity  when  the  die- 
plcy  MTF  losses  are  negligible.  In  addition,  these  functions  are 
usually  very  weak  and  may  often  be  ignored.  The  primary  justification 
for  this  is  for  completeness  and  ease  of  handling  multiple  noise  source! 
and  injection  points.  For  the  periodic  case  we  define 

o  .  a  m  _ Hoi  sc  Bandwidth  Actual _ 

x  1  Noise  Bandwidth  for  White  Noise 


Then  with  R^d  -  MTF  of  the  display  in  the  x  direction 
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which  by  our  previously  discussed  approximation  is 
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similarly  we  define  T  for  the  A  periodic  case  and  derive 


It  is  also  convenient  to  define  a  parameter  <b  which  is  the  ratio  of 
to  Nr;  i.e.,  to  Afv-  Therefore,  <t>  becomes  the  number  of  raster  lines 
per  reference  aperture  width.  If  in  the  future  Nr  becomes  to  be  defined 
by  Ne  cf  the  system  (which  is  often  symmetrical)  which  may  he  generally 
meaningful,  then  will  be  the  number  of  raster  lines  per  nomine 1  resolu¬ 
tion  aperture.  This  would  have  significance  from  a  sampling  theory  point 
of  view.  Therefore 


(81) 


Making  these  substitutions,  we  now  !u >e  for  a  periodic  object  a  complete 
expression  for  SNRp  in  terms  <•'*  SNRy  and  a  reference  sprit  ill  frequency 
<Nr). 


or  if  it  is  preferred  that  the  reference  bandwidrh  he  in  temporal 
frequency  (Afv); 


(84) 
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3 .4.6.7  Analysis  -  Perceived  Signal "to-Nolse  »  Aperiodic  Object 
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The  aperiodic  ca.  3  can  be  handled  in  a  similar  manner.  It  must  be 
remembered  that  the  integial  of  the  output  ' 3  equal  to  the  integral  of 
input  and  the  width  of  the  image  is  not  locked  to  the  width  of  the 
object.  That  is,  the  integrated  signal  for  1  line  and  1  frame  would 
be 
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where  represents  the  duration  of  the  integration  ever  the  object 
with  the  other  parang  ters  defined  as  above.  The  integrated  noisfc  would 
be  as  before 
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and  che  single-fiance,  s?.ngle-i  ine  integrated  signal-to-noise  ratio 
becomes* 


l 

*•11 

i 

s 

M 

1  f  '1 

l._L_ 

1 

^  ■ 

<7(f> 

a” 1 

l  e") 

1/2 


(87) 


Again  introducing  a  reference  bandwidth,  wc  have 
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Since  tj  i*  related  to  the  object  width  and  tj  is  related  to  the  image 
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And „  by  the  seme  argument  as  before 
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Consequently! 
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As  for  the  periodic  case,  the  SNR  that  results  from  integration  over  the 
complete  bar  image  can  now  he  obtained  by  doing  a  similar  integration  over 
the  height  of  the  bar;  that  is,  in  the  cro^s  scan  direction,  Agdn,  since 
the  raster  tends  to  raeke  the  proceed  discrete,  the  integration  becomes  a 
sumption  and  the  duration  becomes  the  number  of  dements  (i.e.,  raster 
lines)  summed.  In  all  other  aspects,  the  process  is  exactly  as  has  gone 
on  so  fat 


Titw  integral  of  the  signal  over  the  height  will  be  the  single  line 
integrated  signal  times  the  number  of  lines  on  the  object.  The  reason 
for  not  using  the  number  of  ilres  on  the  sensor  or  display  image  is 
again  that  the  integral  over  the  input  equals  the  integral  ever  the  out* 
put  and  the  input  if  of  constant  amplitude  makinp  the  integration  easier. 


Ul 


Therefore,  the  signal  increases  by  a  factor  nr  where  n2  is  the  lines  per 
object  height. 
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(93) 


For  the  noise,  the  integration  duration  is  the  number  of  rajter  lines  on 
the  displayed  image  which  is  .larger  than  the  object  by  the  effects  of  the 
aperture  of  the  system.  While  the  low  frequency  response  is  proportional 
to  the  integration  (summation)  duration,  the  integration  process  reduces 
the  bandwidth  of  the  noise  from  that  representing  one  raster  line  (N^)  to 
that  represented  by  the  image  and  the  display  apertures.  The  noise 
integration  duration  n^  is  given  by 
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and  as  was  the  case  before,  the  bandwidth  of  the  final  integrator  noise, 
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Since  n^  is  the  initial  noise  bandwidth  for  the  cross  scan  direction, 
the  total  bar  single  frame  integrated  SNR  can  be  written  as 
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It  is  again  convenient  to  introduce  the  parameter  0  which  is  the*,  ratio  of 
n^  to  Nr  (i.e.,  to  Afy) ;  the  number  of  raster  lines  per  reference  aperture 
width.  Therefore 

0  =  ^  (102) 

•  r 

Making  these  substitutions,  we  now  have  for  a  periodic  object  a  complete 
expression  for  SNRp  in  terms  of  SNRV  for  the  reference  bandwidth  in 
spatial  frequency  (Nr) . 
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or  if  you  prefer,  with  the  reference  bandwidth  in  temporal  frequency 


(104) 


3. 4. 6. 8  Useful  Examples 

These  examples  increase  in  complexity  from  very  idealized  to  more 
practical  as  they  go  along.  It  is  very  important  that,  especially  for 
LLTV,  one  realizes  there  axe  multiple  noise  sources  injecting  noise  at 
various  points  throughout  the  system  (e.g.,  photoelectron  noise  and 
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preamplifier  noise)  and  that  the  simple  applications  shown  as  the  first 
examples  are  just  that.  The  final  example  indicates  how  the  more  com¬ 
plicated  situation  is  handled. 

3. 4. 6 .8.1  Example  I  -  Psychophysical  Test  Set  Up 


The  simplest  example  to  consider  is  a  near-perfect  (not  noiseless)  sys¬ 
tem  where  in  addition  to  the  display  size  and  brightness  being  sufficient 
to  preclude  operator  limitations  (HTF  or  noise),  the  display  and  sensor 
are  of  such  quality  as  not  to  limit  the  quality  of  the  image.  From  a 
practical  point  of  view,  this  means  that  the  display  and  sensor  must  have 
broad  band  MTF  curves  with  values  near  unity  over  the  frequencies  of 
interest  and  the  raster  must  be  sufficiently  fine  as  to  provide  many 
lines  per  object  height.  This  case  lends  itself  to  psychophysical 
experimentation  since  well-controlled,  electronically-generated  video 
signal-to-noise  ratios  can  be  fed  to  a  near-perfect  display  and  then, 
operator  thresholds  can  be  determined.  Considerable  testing  of  this 
type  has  been  completed  by  F.  Rosell,  et  al.  (Ref.  12)  and  for  this  use 
they  have  referred  to  the  SNR^  as  the  (SNR)^.  Bar  patterns  were  gen¬ 
erated  electronically  and  summed  with  white  noise  of  known  bandwidth 
and  rms  value  to  provide  a  noisy  image  or  well  defined  bars  with  known 
SNRV. 


Using  the  equation  derived  above  we  can  deiive  the  equation  for  determin¬ 
ing  the  SNRp  for  this  case.  The  perfect  system  condition  implies 


1. 


In  addition,  since  a  sirgle  video  line  is  used  throughout,  n  ■  1.  In 
addition  the  picture  height  can  be  defined  as  greater  than  the  active 
area  when  normalising  N  and  thereby  TJ  *  1.  (This  is  common  in  TV 

51* 

systems.)  Hence  for  both  the  periodic  and  aperiodic  object  we  have 
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For  the  aperiodic  case  however  it  is  more  convenient  to  work  in  terms 
of  the  area  of  the  object,  a,  and  the  area  of  the  total  field  A. 


Therefore; 
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Obviov’sly,  this  can  be  extrapolated  to  the  detection  of  other  simple 
shapes  of  area  "a"  if  the  integration  theory  holds.  The  tests  of  Rosell 
et  al.,  seems  to  indicate  it  does. 


3. 4. 6. 8. 2  Example  II  -  Sensor  MTF,  Perfect  Display 

While  the  above  example  is  meaningful  fcr  electronically-generated  noise, 
imaging  invariably  involves  optics  with  limited  spatial  bandwidth  (KTF) 
which  modifies  the  image  before  it  generates  the  video  signal  and,  there¬ 
fore,  before  the  noise  (which  is  time  dependent)  is  added.  This  example 
treats  the  imaging  system  which  has  an  IfTF  filtering  the  signal  but  not 
the  noise  and,  therefore,  has  white  noise  in  the  video  channel.  Again, 
the  perfect  large  display  with  adequate  brightness  is  assumed  and,  there¬ 
fore,  the  (SNR)p  is  the  same  as  Rosell's  (SNR)j.  The  thresholds  for  this 
case  were  investigated  by  Resell  et  al.,  by  generating  the  video  with  a 
TV  camera  and  then  adding  controlled  white  noise. 
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The  video  signal  to  be  considered  is  again  that  associated  with  a  bar 
pattern  of  frequency  N  but  now  the  input  is  optical,  spatially  filtered 
by  the  system  MTF,  and  scanned  by  the  sensor  to  generate  the  one  dimen¬ 
sional  electrical  signal  referred  to  as  video.  The  MTF  involved  is  two 
dimensional,  separable  in  and  ky.  The  scanning  raster  is  of  suffi¬ 
ciently  high  spatial  frequency  to  satisfy  the  requirement  for  spatial 
invariance. 


For  this  case,  the  operator  "sees"  a  cyclic  pattern  with  edges  that  are 
not  step  functions  in  intensity  but  are  smoothed.  This  smoothing  is 
particularly  noticeable  in  the  x  or  cross  bar  direction. 


Again,  simple  substitutions  in  the  derived  expressions  will  provide  the 
equation  for  determining  the  SNR^.  Now  “  0  and  there¬ 
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the  sensor  MTF,  R<,,  times  8/n^.  With  n  «  1  and  T]sc  -  1  we  have  for  the 


periodic  case 
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or  for  the  aperiodic  case 
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Converting  to  the  area  notation  introduced  in  Example  I 
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3. 4. 6. 8. 3  Example  III  -  Idealized  TV  -  Considering  a  Single  Idealized 
Noise  Source 

The  idealized  TV  is  a  useful  case  to  mention  because  it  generally  applies 
to  the  TV  performance  prediction  effort  that  follows* 

In  a  typical  TV,  both  sensor  and  display  have  important  MTF’s.  The  dis¬ 
play  in  general  must  have  an  aperture  to  discriminate  against  the  raster 
and  the  sensor  has  significant  MTF  losses  as  mentioned  in  earlier  sections 
of  the  report. 

For  TV,  however,  it  is  common  for  the  raster  to  be  chosen  such  that  the 

SNR  is  based  upon  a  single  video  channel  n  ■  1  and  so  that  TLC  *  1.  The 
v  2 

system  square  wave  flux  transform  is  approximately  8 fv  the  MTF.  Then, 

the  following  equations  apply. 


Periodic 


3. 4. 6. 8. 4  Example  IV  -  Typical  FLIR 


The  typical  FLIR  is  a  slightly  different  case  inasmuch  as  the  SNR  is 

v 

usually  measured  in  one  of  n  channels 


and  the  reference  bandwidth  is  that  associated  with  a  detector  width. 
(Maybe  in  the  future.  Nex“l).  The  scanning  efficiency  is  typically  not 
unity  and  both  display  and  sensor  MTF  losses  are  significant.  The 
number  of  scan  lines  per  detector  height  (0)  is  a  meaningful  parameter 
and  becoming  better  understood.  Consequently,  the  complete  equations 
derived  in  terms  of  Nr  are  applicable  and  are  repeated  here  with  the 
Rgqf  approximation. 


For  Periodic  Object 
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For  Aperiodic  Objects 


3. 4. 6. 8. 5  Example  V  -  Multiple  Noise  Sources  and  Non  White  Noise  at  SNRy 

For  this  example,  consider  the  system  of  Figure  34.  This  system  for 
analysis  purposes  reduces  to  the  two  parallel  systems  of  Figure  33. 


By  sunning  the  output  of  these  two  systems  one  obtains  the  effect  of  the 
actual  system.  Since  the  signals  are  coherent  they  add  linearly  while 
the  noises  as  the  rms.  From  the  previous  equations 
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Equivalent  System  Pair  for  System 
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Then  the  totei  perceived  noise  would  be 
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And  the  system  SNR  is 
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Or  equivalently  the  following  equation  represents  a  fairly  general  and 
complicated  case  for  the  periodic  object. 
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A  more  general  solution  would  include  the  influence  of  gain  on  SNKy^ 
and  SNRyj* 


3. 4. 6. 9  Analysis  *  Perceived  SNR  -  Summary 

There  are  a  few  assumptions  in  the  analysis  which  merit  repeating.  The 
resulting  equations  are  easily  found  in  the  text  and  at  the  end  of  the 
examples. 


The  first  assumption  is  that  the  man  is  a  s.-tial  and  temporal  integrator 


that  integrates  over  the  image.  This  provides  the  definition  of  SNR  . 

P 
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It  is  assumed  that  only  one  bar  of  a  pattern  is  important  to  the 
process. 

The  approximations  using  Ne  and  equivalent  apertures  rather  than  exten¬ 
sive  Fourier  transform  analysis  are  used  liberally. 

The  fact  that  for  aperiodic  objects  the  integral  of  the  signal  over 
the  output  equals  the  integral  o'f£r  the  input  is  proven  using  Fourier 
analysis  and  used  throughout . 

That  is  for  large  aperiodic  objects,  the  image  amplitude  is  independert 
of  object  size  but  as  the  object  becomes  small  and  approaches  the  sys¬ 
tem  equivalent  aperture  the  amplitude  of  the  image  drops  while  the 
image  size  becomes  independent  of  object  size;  ail  this  means  the 
integrated  signal  will  decrease  proportional  to  object  size  regardless 
of  how  small  the  object  gets  but  the  noise  only  decreases  with  the 
square  root  of  object  size  until  the  object  approaches  the  Nt*  of  the 
system  and  ther  it  remains  constant. 

It  is  assumed  that  the  systems  are  linear  and  spatially  invariant. 
Spatial  invariance  moans  not  raster  limited. 

The  bar  is  discussed  as  oriented  across  the  rister  lines.  This  is  not 
an  implicit  assumption  and  has  no  effect  on  the  analysis.  That  is  c  can 
be  less  than  1  so  lonf,  as  the  other  assumptions  are  met.  Indeed  these 
bars  could  even  be  diagonal. 

The  next  few  sections  lean  Heavily  on  this  analysis  and  its  complete 
compatibility  between  TV  and  1R. 
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One  point  not  explicitly  made  in  the  text  is  that:  to  handle  multiple  points 
of  noise  insertion  parallel  systems  are  mathematically  Introduced  which 
have  different  Ned  and  Nes  but  the  same  Ne  and  therefore  different  (SNR)V 
*rd  P  and  V.  The  total  system  SNRp  can  be  predicted  by  appropriate 
sunning  of  the  parallel  mathematical  systems. 

3*4.7  TOTAL  SYSTEM  SENSITIVITY 

In  the  preceding  sections,  it  was  indicated  how  the  video  signal-to- 
noise  ratio  fSNR)^  could  be  derived  from  the  component  characteristics 
and  how  the  perceived  signal  to  noise  ratio  (SNR)p  could  be  predicted 
from  the  (SNR)V  and  component  KTFs.  In  subsection  3.3  the  requirements 
cf  the  man  were  discussed  and  values  for  the  threshold  (SNR)p  for  various 
tasks  were  provided.  In  this  section,  the  (SNR)p  in  terms  of  system 
parameters  will  be  further  discussed  and  the  system  performance  measures 
defined  using  these  thresholds. 

The  basic  sensitivity  is  to  be  defined  for  both  systems,  as  the  minimum 
signal  required  from  a  3  bar  chart,  for  the  chart  to  just  be  discernible 
at  the  display. 


For  active  TV,  there  are  neces¬ 
sarily  more  variables  involved 
than  for  FLIR  and  this  tends  to 
make  the  sensitivity  definition 
more  involved.  The  desired 
parameter  is  the  minimum  resolv¬ 
able  contrast  (KRC)  between  the 
bars  and  spaces  of  a  three  bar 
pattern  with  a  bar  aspect  of  3  to 
1  and  avarage  reflectivity  p.  It 
*s  the  contrast  for  which  the  bar 
objact  can  just  be  discerned.  Since 


For  the  infrared  system,  the  basic 
sensitivity  is  defined  as  the  minimum 
resolvable  temperature  OUT).  This  Is 
the  minimum  temperature  difference  be¬ 
tween  the  bars  ani  spaces  of  a  three 
bar  (5  to  l  aspect)  bar  chart  where 
tne  bars  and  spaces  have  emisslvity 
unity  and  a  temperature  difference 
about  ambient  of  AT. 

From  subsection  3.3,  it  is  clear  that 
when  the  SNRp  ■  2.8  as  calculated 
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the  system  is  active  this  func¬ 
tion  of  spatial  frequency,  k, 
will  be  a  family  of  functions 
for  different  ranges  in  a  vacuum 
(i.e.,  no  atmosphere).  A  typical 
curve  is  presented  in  Figure  36. 

In  order  to  obtain  this  parameter 
we  first  predict  and  can  measure 
in  the  laboratory  the  minimum 
resolvable  scene  radiance  (or 
photocurrent)  versus  spatial 
frequencies  for  various  target 
contrasts  shown  in  Figure  37. 

Thm  we  predict  by  straightfor¬ 
ward  calculation  the  radiance 
level  that  will  exist  (due  to  the 
illuminator)  as  a  function  of 
range  in  a  vacuum  (no  atmosphere 
losses)  for  an  assumed  average 
reflectivity  p  (Figure  38). 
Combining  these  two  measurements 
and  calculations  we  have  the 
desired  MRC  function. 

In  a  similar  manner,  a  parameter 
for  the  aperiodic  case  can  be 
defined  as  minimum  detectable 
contrast;  that  contrast  for  a 
square  target  which  is  just  suf¬ 
ficient  for  detection. 


based  upon  t^  =  0.1  second  that  the 
bars  are  just  discernible.  Further¬ 
more 
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where  the  video  bandwidth  corresponds 
to  the  detector  width. 


From  section  3.4.6  we  have  the  expres¬ 
sion  for  (SNR)p  in  terms  of  (SNR)v  and 
the  system  component  transfer  function. 
If  the  noise  at  the  point  of  measuring 
NET  is  white  the  actual  transfer  func¬ 
tions  of  the  system  can  be  used.  On 
the  other  hand,  if  the  noise  is  not 
white  some  dummy  whitening  JfTF's  must 
be  included.  For  the  IR  system,  the 
following  equation  is  the  most  useful. 


SNR  =  SNR,, 
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Combining  these  conditions  and  setting 
SNRp  *  2.8,  t.  -  0.1,  e  *  5,  AT  be¬ 
comes  MRT. 


156 


ess 


01  234  56  789  10 

k( CYCLES  PER  "rad 


Figure  37.  lab  Kvaluaiion  -  TV 
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Figure  39  is  a  plot  of  MRT  for  a 
typical  system. 

For  predicting  the  best  possible 
detection  of  a  square  object  (e  *  1) 
and  emissivity  of  unity,  we  have 
defined  a  parameter  called  minimum 
detectable  temperature  (MDT) .  MDT 
is  the  temperature  difference  required 
between  the  square  object  and  its 
ambient  temperature  background  which 
makes  the  object  just  detectable;  it 
is  the  aperiodic  counterpart  of  MRT 
and  is  predicted  by  the  equation 


MDT  -  8.9 
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(119) 
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SECTION  IV 


TV-IR  COMPARISON  APPROACH 


Now  that  the  characteristics  of  the  scene  which  generate  the  images  and 
performance  parameters  of  the  systems  have  been  discussed  in  a  similar 
manner,  it  is  appropriate  to  discuss  how  the  systems  should  be  compared. 
It  is  anticipated  that  for  equal  systems  they  will  provide  essentially 
equivalent  images  under  nominal  conditions.  First,  it  will  be  the 
object  of  this  section  to  describe  what  would  be  considered  equivalents 
and  how  they  might  be  tested.  Then,  the  section  will  present  discussion 
on  how  a  flight  test  might  define  the  conditions  where  the  systems  are 
not  equivalent. 

If  indeed  we  can  quantify  the  conditions  of  "equivalence,"  of  "TV  best," 
and  of  "IR  best"  then  we  can  evaluate  the  benefit  of  having  each  sensor 
or  both  sensors  aboard  for  a  specific  mission. 


The  recommended  approach  to  accomplish  the  comparison  is  to  first  make 
parallel  laboratory  measurements  under  well-controlled  conditions  and 
compare  these  data  for  what  is  considered  nominal  inputs  for  each  system. 
Second,  run  a  control led-f light  test  against  bar  targets  and  trucks  to 
check  the  predictions  for  each  system  in  an  actual  environment  and  to 
check  the  conditions  of  nominal  equivalence.  Finally,  It  is  recommended 
to  fly  an  extensive  flight  test  under  many  varied  conditions  not  to 
check  tactical  limitations  but  to  establish  a  data  log  as  to  which  con¬ 


ditions  favor  which  system  and  when  me  they  complementary.  If  indeed 
the  analysis  adequately  predicts  the  results  of  these  tests,  then  the 
testing  can  be  truncated.  However,  it  is  anticipated  that  surprises 
and  new  advantages  may  spring  up  from  flight  testing. 


fllKSD. 


4.1  EQUIVALENCE  OF  PERFORMANCE  PARAMETERS 


As  a  start,  the  equivalence  of  individual  performance  parameters  and 
the  effects  of  variations  will  be  discussed. 

4.1.1  FIELD-OF-VIEW 

Equal  systems  will  be  functioning  at  the  same  range  which  means  that  for 
equal  ground  coverage  and  acquisition  capabilities  they  should  have  the 
same  angular  field-of-view.  This  is  not  the  kind  of  parameter  which 
would  affect  canned  detection/recognition  tests  since  field-of-view  has 
its  strongest  effects  on  tactical  (search)  considerations. 

4.1.2  FRAME  RATE,  ETC. 

Both  systems  should  be  designed  so  as  to  present  a  non- fat iguing , 
flicker-free  display.  The  information  rate  and  lag  must  be  equivalent 
for  the  systems.  Ideally,  they  will  be  such  that  no  loss  of  performance 
is  noted  for  the  dynamic  situations  to  be  encountered.  If  an  unequal 
loss  of  performance  is  noted,  then  a  conditions  variable  of  the  test  to 
be  considered  must  be  the  mission  dynamics. 

4.1.3  RESOLUTION 

Ideally,  the  systems  should  have  the  same  MTF  curves.  Short  of  this, 
similar  curves  with  near  equivalent  Ne  csn  be  considered  equivalent. 

The  ratio  of  the  Ne's  for  the  two  systems  should  indicate  the  ratio  of 
range  non-equivalence  under  good  test  conditions  (high  signal  levels). 

4.1.4  SENSITIVITY 

Sensitivity  is  the  performance  parameter  which  varies  with  range,  atmo¬ 
spheric  conditions  and  target.  For  that  reason  laboratory  performance 
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will  be  defined  and  then  field  performance  defined  separately.  The 
sensitivity  must  be  defined  relative  to  a  specific  task  and  target. 

For  the  laboratory,  the  target  will  be  a  bar  chart  and  the  atmosphere 
will  be  idealized  to  a  vacuum  for  discussing  range.  In  the  field,  only 
bar  targets  and  trucks  will  be  considered  here  but  the  methodology  can 
be  extended  to  other  targets. 

For  the  recce  strike  task  against  trucks,  it  is  recommended  that  the 
target  be  a  bar  target  with  1-foot  bars.  If  the  modulation  from  the 
bars  is  set  to  be  equivalent  to  that  from  a  truck  under  normal  condi¬ 
tions,  then  breakout  range  on  the  bars  and  recognition  range  on  the 
truck  would  be  about  equivalent.  Alternatively  4- foot  bars  could  be 
used  for  a  direct  comparison  to  detection. 


4. 1.4.1.  Laboratory  Conditions 

_ ACTV _ 

The  primary  laboratory  measure 
for  the  TV  system  without  the 
illuminator  is  the  minimum  aver¬ 
age  scene  radiance  (or  photo 
current)  for  the  bars  of  a  three- 
bar  chart  of  contrast  (C)  to  bs 
resolvable  on  the  display.  This 
is  plotted  versus  spatial  fre¬ 
quency  in  cycles  per  mrad  for 
different  values  of  contrast. 

This  is  independent  of  range 
as  long  as  no  atmosphere  is 
present  and  can  be  considered 
as  the  laboratory  condition  for 
operational  ranges.  A  typical 
curve  was  presented  in  Figure  31. 


_ FLU _ 

The  sensitivity  for  laboratory 
conditions  for  the  FLIR  is  the 
plot  versus  bar  frequency  (cycles/ 
mrad)  of  the  temperature  differ¬ 
ence  required  between  the  bars  and 
spaces  of  a  three-bar  chart 
(emissivity  »  1)  for  the  bars  to 
be  resolvable  on  the  display.  This 
is  Independent  of  range  so  long  as 
no  atmosphere  is  present  and  can 
be  considered  as  the  laboratory 
conditions  for  operational  ranges. 

A  typical  MRT  curve  was  presented 
in  Figure  33. 
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For  an  active  system,  however,  the 
average  scene  radiance  varies  as 
range.  In  a  vacuum,  these  varia¬ 
tions  can  be  calculated  and 
presented  for  the  source  power  as 
was  done  in  Figure  38. 

From  these  two  function**,  it  is 
possible  to  derive  a  single  labo¬ 
ratory  condition  sensitivity  func¬ 
tion  which  is  the  minimum  contrast 
required  between  the  bars  of  the 
chart  for  the  bars  to  be  resolvable 
on  the  display.  This  function 
would  be  plotted  as  a  function  of 
spatial  frequency  for  various 
values  of  vacuum  ranges.  A  typi¬ 
cal  curve  is  plotted  in  Figure  36. 

For  the  laboratory  conditions,  ACTV  and  FLIR  can  now  be  compared  by 
comparing  Figures  36  and  39.  For  true  comparison,  it  is  necessary 
to  relate  AT  and  C.  The  authors  suggest  that  two  systems  with  identi¬ 
cally-shaped  curves  would  provide  equivalent  pictures  on  a  typical  day 
if  the  scale  was  such  that  a  AT  of  between  2  and  10  degrees  corresponds 
to  100  percent  contrast.  It  is  suggested  that,  as  a  start,  this  scale 
be  considered  and  a  new  equivalence  be  determined  during  the  flight 
test,  or  possibly  a  nonlinear  scale  be  determined.  This  scale  says 
something  about  the  general  distribution  of  AT  and  C  in  the  scene. 

Based  upon  this  hypothesis,  a  plot  on  a  single  graph  where  the  ordinate 
is  either  AT  of  C  vs  kx  can  be  generated  with  the  active  TV  curves  being 
for  different  typical  ranges.  Figure  40  is  a  typical  example.  From 
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Figure  40.  Lab  Compariaon  •  YV/IR 


this,  it  can  be  inferred  that  the  systems  would  be  nearly  equivalent 
at  a  range  of  1.3  n.  mi.  If  on  the  other  hand,  the  scale  was  more  like  1° 
■  100  percent  contrast,  it  would  be  concluded  that  for  small  objects 
the  systems  would  be  equivalent  at  2  n.  ml.  range  while  for  large  objects 
they  would  be  equivalent  at  3  n.  mi.  range. 

4 . 1 . 4 . 2  Field  Conditions 

In  the  field,  it  is  desired  that  the  tasks  be  increased  to  include  de¬ 
tection  and  recognition  of  military  objects  as  well  as  a  quantitative 
test  against  a  bar  chart  target.  Additionally,  the  field  test3  will 
introduce  many  uncontrolled  parameters  associated  with  the  atmosphere, 
the  installation  and  the  military  targets.  In  the  field,  the  primary 
performance  parameter  is  the  maximum  range  at  which  a  task  can  be 
completed  be  it  the  task  of  bar  breakout,  target  detection  or  recogni¬ 
tion. 

The  existing  laboratory  functions  can  be  directly  used  for  predicting 
detection  and  recognition  of  various  objects  with  an  ideal  atmosphere. 

That  is,  once  the  object  size  is  known  the  angular  frequency  units  on 
the  sensitivity  curves  can  be  translated  into  range  units.  Since  a 
6-foot  square  object  is  a  size  of  general  interest,  Figure  41  was 
derived  using  our  typical  FLIR  data.  This  figure  presents  the  AT 
required  as  a  function  of  range  such  that:  (l)  the  target  be  detected 
based  upon  aperiodic  theory,  (2)  target  can  be  detected  oased  upon  the 
two  lines  on  target  criterion  and  (3)  target  can  be  recognized  bas'd 
upon  the  8  lines  on  target  criterion.  Raster  effects  are  only  alluded 
to  on  this  figure  cs  providing  a  degradation  at  10  nautical  miles  but, 
this  assumes  a  weak  raster  system. 

In  a  similar  manner.  Figure  42  was  derived  for  the  typical  ACTV  system 
discussed. 
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Of  major  importance  to  the  field  results  will  be  the  effects  due  to 
uncontrolled  parameters,  especially  atmospheric  effects.  To  this  end, 
it  is  recommended  that  the  two  systems  be  compared  by  plotting  range 
versus  atmospheric  conditions.  As  a  first  cut,  however,  atmospheric 
effects  for  IR  are  included  on  Figure  41  and  shown  more  completely  for 
the  two  line  detection  criterion  in  Figure  43. 


_ AC  TV _ 

For  the  TV,  the  atmosphere  para¬ 
meter  of  interest  is  visibility. 
For  this  comparison,  it  will  be 
desirable  to  calculate  and  plot 
percent  transmission  as  a  function 
of  visibility  and  range  and  use 
this  to  prepare  plots  of  maximum 
breakout  range  as  a  function  of 
visibility. 


_ FLIR _ 

For  the  FLIR,  the  atmosphere 
parameters  of  primary  interest 
are  relative  humidity  and  temp¬ 
erature.  A  separate  case,  but 
also  of  importance  is  fog.  For 
this  discussion,  it  will  be 
easier  to  hold  temperature  con¬ 
stant  at  a  typical  value,  e.g., 
70°F  and  consider  relative  humid¬ 
ity  as  the  variable.  In  this 
case,  the  transmission  as  a 
function  of  RH  and  range  can  be 
calculated,  plotted,  and  used 
to  prepare  plots  of  maximum 
breakout  range  as  a  function  of 
relative  humidity.  If  done  for  a 
few  representative  temperatures 
(60°F ,  70°F ,  80°F,  90°F)  every 
night  over  a  considerable  period 
could  be  covered  for  a  specific 
test  area.  Figure  44  is  a 
typical  example. 
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For  a  specific  area  and  period  of  the  year,  a  nominal  RH,  temperature, 
and  visibility  can  be  determined  for  night  operation.  By  combining  the 
two  figures  above  so  that  the  visibility  and  relative  humidity  scales 
are  chosen  with  scales  such  that  the  nominal  RH  and  nominal  visibility 
are  at  the  same  level  and  that  deviations  from  either  nominal  are  of 
similar  likelihood,  then  it  is  clear  that  for  equivalence  at  this  task 
both  systems  should  have  the  same  curve.  For  nominal  equivalence,  they 
should  have  the  same  range  under  the  nominal  conditions.  In  this  case, 
quantitative  comments  with  regard  to  other  visibilities  and  relative 
humidities  -an  be  made  even  to  the  extent  of  predicting  the  relative 
percent  of  time  useful  ranges  and  exceptional  ranges  can  be  expected 
from  each  system. 

4.2  AN  EXTENSIVE  FLIGHT  TEST 

After  the  analysis,  the  laboratory  tests,  and  the  limited  controlled 
flight  testing  has  been  completed  and  established  the  general  equi¬ 
valence  or  nonequivalence  of  the  systems,  an  extensive  flight  test  will 
be  required  to  investigate  the  conditions  which  favor  one  system  or 
another.  It  is  expected  that  if  we  could  fly  against  all  conditions 
(targets,  atmosphere,  climate,  etc.)  for  some  conditions  TV  would  be 
best;  for  others  IR  would  be  best,  and  for  some,  it  would  be  a  toss-up. 
This  statement  is  depicted  in  Figure  45.  The  real  question  is  then 
depicted  in  Figure  46.  Is  one  system  nearly  always  redundant  or  are 
they  truly  complementary?  Indeed,  could  we  isolate  the  favorable  con¬ 
ditions  . 

Many  parameters  define  the  total  set  of  conditions  of  interest.  Ideally, 
each  condition  would  be  defined  by  at  least  the  target  (it**  history  and 
details),  the  atmospheric  conditions,  the  background  involved,  the 
climate  (region  of  world),  the  time  of  doy,  and  the*  time  cl  year.  It 
would  take  many  flights  with  a  pair  of  relatively  colibra'ed  systems 
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Figure  45,  Space  of  All  Condition* 
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to  collect  statistically  significant  data  on  all  of  these  and  possibly 
other  parameters  of  interest.  It  should  be  remembered  that  these 
flights  are  not  tactical  flights  to  test  the  tactical  limitations  of 
the  installation,  etc., but  are  canned  tests  against  many  conditions  to 
determine  maximum  sensor  system  range. 

To  be  meaningful,  it  is  important  that  many  different  conditions  be 
tested  requiring  flight  in  different  parts  of  the  world  and  different 
times  of  the  year.  For  completeness,  operator  comments  must  be 
included  since  the  final  evaluation  may  be  elusively  tied  up  in  the 
operator's  response.  The  tasks  and  tests  should  be  kept  simple  and  as 
constant  as  possible,  i.e.,  detect/recognize  a  pre-briefed  target. 

To  be  effective,  a  convenient  effective  indexing  method  for  keeping 
and  sorting  the  conditions/data  muse  be  developed  and  computerized. 

Also,  illuminating  ways  of  sorting  and  presenting  the  data  must  be 
thought  out.  A  few  possible  methods  of  sort/presentation  are  discussed 
below. 

First,  a  scatter  ploc  of  the  data  by  major  condition  (e.g.  a  truck, 
a! 1  weather)  may  be  useful.  By  this,  is  meant  plot  TV  range  (Rty) 
versus  IR  Range  (P,  )  for  a  task  such  as  detect  or  recognize.  Figure  47 

indicates  the  coordinates  and  the  areas  of  interest. 

Statistics  can  be  derived  from  the  data.  For  example,  for  the  same 
conditions  as  the  scatter  plots,  the  probability  that  the  detection 
range  is  greater  than  R  can  be  plotted  versus  R.  By  plotting  this  for 
each  system  separately,  the  relative  effectiveness  of  each  can  be  noted. 
By  plotting  a  curve  based  upon  the  maximum  range  obtained  on  each  run 
for  the  two  sensors,  an  Indication  of  the  gain  obtained  by  having  both 
aboard  can  be  measured.  Figure  46  is  an  example  of  how  this  might 
work  out. 
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Other  comparative  statistics  may  prove  useful  such  as  plotting  the 
probability  density  function  of  R  -  versus  R^-  Rir  or  for 

Rtv^Rir  versus  ^tv^Rir*  For  examP^e>  as  in  Figure  49,  it  might 

be  expected  that  when  looking  at  the  task  of  detecting  a  truck  (all 
weather)  that  it  might  be  normally  distributed  for  nominal  weather 
but  for  either  very  wet  or  very  dry  weather,  it  will  be  skewed  to  one 
equipment  or  the  other. 

Finally,  perhaps  just  listing  the  mean  (Rtv"<ir)  an<*  mean  (R  /R^  )  For 
various  conditions  might  provide  insight  into  the  relative  usefulness. 
Table  IV  is  an  example  of  how  it  might  work  out.  An  (Rtv"Rir)  mean  oi 
10/0  would  indicate  that  on  the  average,  the  TV  detects  the  object  lOKm 
further  than  the  IR  but  that  each  recognized  the  object  at  the  same 
range.  An  R  /R  of  2/1  would  indica:  :  that  on  the  average,  the  TV 
detected  at  twice  the  range  but  recognized  at  the  same  range. 

4.3  CONCLUSIONS  ON  APPROACH  TO  COMPARISON 


The  analysis  will  provide  an  indication  for  the  laboratory  parameters 
to  be  tested  and  the  values  to  be  expected.  The  laboratory  tests 
will  confirm  this  analysis. 

A  minimum  rigidly-controlled  flight  test  against  bars  and  trucks  will 
confirm  the  analysis,  the  atmosphere  models,  and  most  importantly,  the 
general  concept  of  equ*  v  ?  U..ce. 

Finally,  an  extensive  Might  test  against  many  targets  under  many 
different  conditions  will  be  required  to  collect  sufficient  data  to  be 
able  to  make  statistically  significant  statements. 

It  may  become  possible  to  provide  sufficiently  complete  inputs  into  the 
analysis  to  predict  adequate  results  for  all  conditions  suggest »d  in 
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the  extensive  flight  test.  When  this  becomes  possible,  the  only  ad¬ 
vantage  of  flying  rather  than  analyzing  is  the  relative  general  accep¬ 
tance  of  data  over  analysis  and  the  useful  surpiises  that  can  result 
from  a  r light  test. 


TABLE  IV 

LIST  CONDITIONS  (VERSUS)  (Txv  -  Rir)  MEAN  AND  (Kxv/RIR)  MEAN 


(Rt*v  -  R^r)  mean  km 

(Rjv/Rir)  me#n 

Condition 

Detec tion/recoznit ion 

Detect ion/recosuit ion 

Retroa  -  all  locations 

10/0 

8/1 

Tanks  -  Patuxent  River 

-5/0 

2/1 

Ship  (large) 

0/0 

1/1 

High  relative  humidity 
no  haze 

i/5 

2/3 

SECTION  V 


FLIGHT  TEST  CONSIDERATIONS 


The  theoretical  portion  of  this  study  has  outlined  mathematical  relation¬ 
ships  for  orediction  of  the  range  at  which  targets  would  be  detected  (and 
recognized)  under  various  conditions.  Similar  mathematical  models  for 
prediction  of  the  range  at  which  there  is  a  "breakout"  of  the  individual 
bars  of  a  standard  Air  Force  three-bar  target  have  also  been  developed 
and  extensively  tested  under  field  conditions.  The  purpose  of  the  compar¬ 
ative  flight  test  cf  the  TV  and  IR  systems  is  first  to  recheck  the 
validation  of  the  individual  bar-target  breakout  models  under  side-by- 
side  test,  and  then  to  validate  the  individual  target  detection  models 
under  similar  conditions  for  both.  If  these  models  can  be  successfully 
validated,  the  individual  system  performance  can  be  predicted  and  systems 
comparisons  made. 

In  subsection  5.1,  the  parameters  which  can  be  measured  during  a  rigidly- 
controlled  flight  test  to  provide  model  confirmation  will  be  discussed. 

In  subsection  5.2,  the  controlled  parameter*  will  be  discussed.  These  are 
the  parameters  which  can  either  be  fixed  or  systematically  varied  to  ex¬ 
plore  the  areas  of  the  applicability  M  the  individual  theoretical  models. 
Subsection  53  then  presents  a  discussion  on  those  flight  test  parameters 
which,  although  they  are  uncontrollable,  nevertheless  affect  the  results 
and,  consequently,  must  be  measured.  All  of  these  three  types  of  param¬ 
eters  are  summarized  in  Table  V. 

Following  the  subsections,  describing  the  flight  test  parameters  is  a 
brief  ulscussion  of  the  flight  test  configuration  required  to  obtain  the 
necessary  measurements  to  confirm  the  postulated  performance  models. 
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TABLE  V 


FLIGHT  TEST  PARAMETER  SUMMARY 

MEASURED  PARAMETERS 

Bar  Pattern  Breakout  Range  -  Spatial  Frequency  at  Breakout 

Venicle  Detection  Range  -  Size  at  Detection 

Venicle  Recognition  Range  -  Size  (and  Resolution)  at  Recognition 

CONTROLLED  PARAMETERS 

Perceived  Noise  (Display  Brightness  and  Sensor  AC  Gain  Together  Set 
Per-Noise) 

Bar  Pattern  AT  or  C 

Bar  Pattern  Spatial  Frequency,  k 

Operator  (which  Operator  Takes  the  Reading) 

Display  Environment  Brightness 
Vehicle  Type  (Size) 

Vehicle  Location 
Vehicle  AT 
Vehicle  Aspect 
Aircraft  Flight  Pattern 
Scene  Irradiance 

UNCONTROLLED  PARAMETERS 
Visibility  (Meteorological) 

Air  Temperature 
Relative  Humidity 
Atmospheric  MTF  (Turbulence) 

Background  Temperature (s ) ,  Radiance 
Wind  Velocity  and  Direction 
Operator 

Equipment  Condition 
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John  Hodges,  Program  Manager  of  the  referenced  MAFLIR  Flight  Test  image 
variable  analysis  study,  provided  assistance  on  the  preparation  of  this 
section. 

3.1  MEASURED  RESULTS  PARAMETERS 

The  results  parameters  of  the  test  program  are  actually  uncontrolled 
parameters  which  are  dependent  on  both  the  controlled  parameters  and 
the  independent  uncontrolled  parameters.  If  there  were  no  independent 
uncontrolled  parameters  and  the  performance  prediction  theories  were 
absolutely  accurate,  then  the  values  of  the  result  parameters  could  be 
accurately  predicted  a  priori  from  the  controlled  parameters  of  section 
4.2. 


ubject  ’’Breakout"  Slant  Range /Object  Angular  Frequency  at  Breakout 

The  bar  pattern  test  object  used  in  this  program  will  not  be  "detected" 
in  the  true  sense.  Rather,  the  observational  task  which  is  tested  is 
the  modulation  threshold  at  which  the  bar  frequency  is  first  observed 
by  the  operator.  In  fact,  the  operator  will  be  able  to  detect  the  bar 
pattern  as  a  whole  at  ranges  far  in  excess  of  those  be  ..ng  tested.  It 
is  desirable  that  he  do  so.  To  achieve  good  data,  it  is  important  that 
the  operator  be  accurately  tracking  and  centering  i.ie  target. 

To  avoid  confusion  with  "detection"  as  it  is  defined  for  tactical 
targets,  the  term  "bar  pattern  breakout"  has  been  suggested  for  the 
point  at  which  the  presence  of  bars  and  spaces  can  first  be  observed. 
Since  the  spatial  frequency  of  the  target  will  be  fixed,  the  relevant 
parameters  to  be  measured  In  this  test  program  are  the  target  slant 
range  at  breakout,  and  angular  spatial  frequency  of  tnc  target  bars  and 
spaces  at  this  range. 
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To  obtain  sufficient  positional  accuracy,  phototheodolite  or  radar 
tracking  of  the  aircraft  is  required.  In  this  test,  some  way  must  be 
mechanized  by  which  the  theodolite  operators  can  tell  when  the  individ¬ 
ual  IR  and  TV  target  breakouts  occur.  In  the  radar  tracking  case, 
breakout  can  be  correlated  with  the  aircraft  time-position  data. 

Range  at  Tactical  Target  Detection/Range  at  Tactical  Target  Recognition 

The  two  primary  results  to  be  obtained  with  the  tactical  type  targets 
are  the  sl*.nt  range  at  detection  and  the  slant  range  at  recognition. 

In  most  controlled  test  situations,  the  term  "detection"  describes  a 
fundamentally  different  concept  from  the  tei’t  "detection"  in  a  real 
tactical  situation.  In  a  tactical  situation,  there  may  be  an  infinite 
number  of  locations  for  the  target  and  detection  depends  on  cueing 
effectiveness,  the  distribution  of  highly  probable  target  sites  (such 
as  roads),  etc.  These  "search"  parameters  are  difficult  to  duplicate 
in  a  flight  test  program  whicn  is  controlled  sufficiently  for  a  meaning¬ 
ful  analysis  of  the  resulting  data  to  be  made.  Because  the  exact  range 
at  which  an  operator  will  become  aware  of  a  target  will  vary,  even  if  he 
knows  the  exact  location  the  target  will  be  in  (if  it  is  present), 
multiple  measures  are  required  to  obtain  a  mean  range  useful  for  theory 
comparison.  Through  this  repetition*  the  sensor  operator  learns  to  con¬ 
centrate  only  on  the  specific  areas  where  the  target  might  be  as  called 
for  in  the  test  plan.  So  long  as  he  can  orient  himself  on  the  display 
sufficiently  to  find  these  locations,  the  operator  can  greatly  reduce  his 
search  problem,  e.g.,  maximize  his  probability  of  looking  at  the  target 
if  it  is  present  on  the  display.  On  the  other  hand,  previous  flight 
te«ts  have  shown  that  conditions  exist  where  what  eventually  is  confirmed 
as  the  target  can  be  seen  on  the  display  before  any  ground  features  nec¬ 
essary  to  determine  its  location  are  visible.  Then,  for  test  purposes, 
"detection"  is  when  the  operator  states  with  exactitude  the  location  in 
which  he  believes  the  target  exists. 
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Similar  problems  can  occur  with  the  term  "recognition,”  One  level  of 
recognition  is  where  the  class  of  target  —  truck,  jeep,  tank,  gun  —  is 
determined  and  another  is  aspect  recognition  where  the  orientation  — 
nose,  side,  tail  --  with  respect  to  the  flight  path  is  determined.  Again, 
only  a  limited  number  of  situations  can  be  thoroughly  tested  in  a  con¬ 
trolled  manner.  The  definitions  of  recognition  must  be  kept  consistent 
throughout  the  test  program  and  the  reporting  of  test  program  results. 

As  with  the  bar  pattern  test  object,  the  slant  range  can  be  determined 
using  two  phototheodolites  provided  that  tactical  target  locations  are 
accurately  known.  Radar  aircraft  tracking  and  vectoring  will  also  be 
used  where  available. 

5.2  CONTROLLED  PARAMETERS 


The  experiment's  controlled  parameters  are  those  parameters  which  are 
believed  to  be  amenable  to  measurement  and  precision  control. 

Perceived  Noise 

The  effect  on  sensor  performance  as  a  function  of  this  parameter  is  the 
essence  of  the  experiments  to  be  outlined.  Perceived  noise  is  seen  from 
the  analytical  modsis  to  be  composed  of  the  separate  effects  of  sensor 
noise  and  the  photon  noise  due  to  display  average  brightness.  The 
amplitude  of  sensor  noise,  as  perceived  by  the  observer,  is  controlled  by 
the  sensor  AC  gain  (contrast)  control  and  any  internal  circuits  necess¬ 
ary  in  an  individual  equipment  required  to  compensate  for  the  change  in 
some  other  parameter. 
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_ TV _  IR _ 

The  comments  for  the  parallel  IR  The  operator  of  real-time  thermal 
discussion  also  apply  to  TV  imaging  equipment  has  controls  to 

except  that  the  gain  is  con-  adjust  both  display  average  bright- 

tinually  adjusted  automatically  ness  -  BRIGHTNESS  -  and  AC  gain  - 

within  the  camera  and  thus*  can-  CONTRAST  -  thus  adjusting  the  per- 
not  be  preset  to  a  constant  ceived  noise.  Under  normal  conditions , 

value,  it  can  be  adjusted  to  the  operator  adjusts  this  to  suit  his 

some  extent  however  at  the  own  tastes.  However,  this  operator 

monitor.  setting  may  not  be  the  best  setting 

for  optimizing  mission  performance. 

It  would  be  expected  that  brightness 
and  AC  gain  would  be  set  according 
to  program  prior  to  each  run  and 
remain  fixed  throughout  each  run. 
Average  brightness  should  be  measured 
with  a  photometer  prior  to  each  run. 

The  average  brigntness  would  be  set 
while  the  .sensor  shield  is  turned 
backwards  so  there  is  a  minimum  of 
modulation  on  the  display.  AC  gain 
is  measured  in  terms  of  the  change  in 
brightness  at  the  display  versus  the 
effective  change  in  target  temperature 
(Att/AT)  at  the  aperture  measured  at 
nominally  low  spatial  frequency  and 
about  the  average  brightness.  Since 
blackbodv  emitted  power  is  approxi¬ 
mately  proportional  to  the  change  in 
temperature  at  the  absolute  tempera¬ 
tures  and  in  the  spectral  bands  being 
considered,  this  gain  term  is  actually 
an  energy/energy  ratio  and  is  a  true 
gain. 
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Target  Temperature  Difference/or  Target  Reflectance  Difference 

To  thoroughly  Investigate  the  performance  of  imaging  sensors,  a  number 
of  spatial  frequencies  and  temperature  differences  or  reflectance  diff¬ 
erences  should  be  set  on  the  target  and  the  full  gamut  of  perceived 
noise  settings  used  against  each.  Unfortunately,  the  target  cannot  be 
set  to  a  wide  variety  of  spatial  frequencies  with  fixed  bar  aspect 
ratio  so  only  a  small  number  of  patterns  will  be  set.  The  remaining 
parameter,  which  can  be  used  to  set  angular  spatial  frequency  at  the 
sensor,  is  target  temperature  difference  (or  reflectance).  The  bar 
pattern  test  object  at  the  Naval  Air  Test  Center  (Webster  Field), 
Maryland,  is  capable  of  presenting  similar  variable  temperature  and 
variable  reflectivity  bar  patterns  simultaneously. 

Target  Spatial  Frequency 

Because  the  target  breakout  range  is  a  function  of  bar  pattern  length-to- 
widtb  aspect  ratio  and  the  number  of  bars  as  well  as  spatial  frequency, 
and  because  specific  laboratory  data  on  the  sensors  will  be  taken  using 
an  Air  Force  Standard  Formal  3-bar  target,  those  pattern  combinations 
which  produced  three  bars  with  5:1  bar  aspect  ratio  are  recommended  for 
the  test  program. 

Operators 

Although  it  is  recognised  that  the  operator  performance  may  be  signifi¬ 
cantly  different  frou:  one  tu  another,  and  thus  many  operators  3hould  be 
used  to  remove  the  effects  of  operator  differences,  the  sample  number 
limitacicns  on  a  flight  tei<r  may  lim.'t  a  TV/IR  flight  test  to  two 
operators.  They  would  view  each  sensor  on  a  randomly-selected  basis, 
but  view  each  type  senso~  for  approximately  half  of  all  data  runs. 
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Target  Background  (Location) 


The  spatial  reflectance,  emittance,  temperature,  and  structural  content 
of  background  against  which  the  tactical  type  target  is  located  is  a 
parameter  of  concern  since  it  is  the  difference  in  energy,  target  to 
background,  which  is  detected.  As  discussed  in  subsection  5.1  under 
"detection",  only  a  few  locations  are  practical  in  a  controlled  test 
situation.  These  locations  must  be  selected  in  advance  as  representa¬ 
tive  of  typical  situation  --  aspnalt  road,  dirt  road  without  cover,  dirt 
road  with  cover,  open  grass,  etc,  --  and  accurately  surveyed.  The 
locations  should  be  laterally  close  to  the  nominal  flight  path  to  mini¬ 
mize  operator  tracking  requirements.  They  must  be  sufficiently  far 
apart  along  the  flight  path  (3000  to  5000  ft)  so  that  the  operator  can 
easily  differentiate  locations  at  long  range  and  so  that  no  more  than 
one  or  two  locations  are  likely  to  Le  within  "detection  range"  and  on 
the  display  at  the  same  time  to  avoid  situations  where  threshold  detec¬ 
tion  is  missed  because  the  operator  is  looking  at  other  locations  at 
that  time.  A*so,  the  locations  must  be  easily  accessible  to  good  roads 
so  targets  can  easily  be  changed. 

Spatial  reflectance  and  effective  temperature  should  be  measured  at 
specific  points  about  the  target  and  background  for  each  aircraft  over¬ 
flight. 

Vehicle  Type 

The  number  of  types  of  vehicles  (Jeep,  -ruck,  tank)  which  can  be  used 
in  the  test  is  limited  bv  the  requirements  tor  multiple  measures.  In 
general,  only  one  target  can  be  on  range  at  one  time  or  a  detection  may 
be  missed  while  the  operator  is  trying  to  recognize  a  target  already  de¬ 
tected.  Also,  each  vehicle  is  individual,  so  the  availability  of  speci¬ 
fic  vehicles  throughout  the  test  period  must  be  assured. 
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Tactical  Target  Orientation 


It  has  been  shown  that  the  range  requirement  for  target  detection, 
orientation  description,  recognition  aud  identification  is  related  to 
the  number  of  sensor  resolution  line  pairs  across  the  target  minimum 
dimension.  The  orientation  of  the  target  with  the  aircraft  flight  path 
must  be  along  surveyed  lines  and  set  for  each  overflight  according  to 
prearranged  test  plan. 

Aircraft  Speed  and  Vector 

Aircraft  speed  is  one  of  the  parameters  to  be  utilized  in  determining 
slant  range  at  target  breakout.  It  is  also  a  weak  parameter  affecting 
operator  tracking  ability  and  so  should  be  held  constant  to  avoid  this 
source  of  experimental  error.  If  flight  path  offset  is  too  great,  the 
target  can  easily  be  missed  uue  to  sensor  gimbal  limits. 

There  is  no  reason  why  almost  any  speed  within  the  capability  of  the 
C-1J1  aircraft  cannot  be  selected.  So,  the  flight  speed  which  the 
pilot  feels  comfortable  with,  for  both  stability  in  level  flight  and 
maneuverability  for  executing  set  flight  patterns,  should  be  selected. 

Aircraft  vectoring  against  the  main  target  at  Webster  Field  can  ade¬ 
quately  be  handled  by  the  TACAN  behind  the  main  target  so  long  as  it  is 
working.  The  main  criterion  Is  to  minimize  the  operator1*  tracking 
problem  by  flying  directly  over  the  target.  For  the  detection  anti  re¬ 
cognition  test^  radar  vectoring  shou  d  bt*  considered. 
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Aircraft  Altitude 


$ 


Aircraft  altitude  Is  another  parameter  which  can  be  fixed  with  little  loss 
in  data  generality.  Most  of  the  area  surrounding  Webster  Field  hast  floor 
of  700  ft.  and  there  is  a  floor  of  1200  ft.  in  the  vicinity.  The  total 
area  is  restricted  to  military  aircraft  so  any  altitude  meeting  thex floor 
restrictions  should  be  acceptable.  Similar  conditions  probably  exist  at 
ether  potential  test  areas.  The  composition  of  the  atmosphere  varies  with 
altitude,  particularly  water  vapor,  the  predominant  factor  controlling 
transmission  and  backseat  ter.  While  water  vapor  must  be  determined  from 
measurements  at  the  flight  level  as  well  as  at  the  ground  level,  a  low 
angle  slant  path  is  desirable.  It  is  recommended  that  a  fixed  attitude, 
as  close  to  3000  ft.  as  seems  reasonable  to  the  pilot,  should  be  selected 
but  in  no  case  should  this  altitude  be  above  5000  ft.  Beside  affecting 
the  atmospheric  composition,  higher  altitudes  exaggerate  sensor  gimbal 
limit  problems  at  typical  "breakout*'  and  "recognition"  ranges  when  the 
aircraft  is  offset  from  the  nominal  flight  path. 

Aircraft  Attitude 


The  operator's  tracking  ability  and  consequently  the  "breakout"  range  is 
sensitive  to  aircraft  perturbations.  It  is  suggested  that  a  "cownitment" 
range  of  4  n.wi.  to  target  be  established.  Within  this  range,  the  pilot 
should  maintain  straight  and  level  flight.  For  tactical  type  target  de¬ 
tection  and  recognition,  a  commitment  range  of  at  least  8  n.mi.  should 
be  used. 

Display  environment  Brightness 

Light  from  various  sources  within  the  test  aircraft  which  reach  the  dis¬ 
play  surface  have  the  effect  of  reducing  the  displayed  contrast,  partic¬ 
ularly  at  low  average  brightness  levels.  (This  is  similar  to  the  experi¬ 
ence  of  watching  a  ftovic  screen  in  l  lighted  room.)  The  environmental 
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redaction  o i  displayed  contrast  can  be  significant.  So,  illumination 
within  the  aircraft  cabin  which  falls  on  the  display  should  be  kept  to 
a  minimum.  If  it  is  fixed,  it  will  not  have  to  be  measured  frequently. 
However,  the  brightness  of  the  display  surround  should  approximate  the 
brightness  of  the  display  because  a  very  dark  display  surround  has  been 
shown  to  adversely  affect  operator  performance. 

Dark  display  reflection  can  be  monitored  in  flight  with  the  same  instru¬ 
ment  which  measures  display  brightness  by  simply  inserting  a  white  dif¬ 
fuse  surface  to  the  sidi  of  the  display  and  recording  the  reflected  envir¬ 
onment  brightness.  This  reflected  environment  brightness  shculd  be  taken 
with  the  operator  in  place  and  at  each  of  the  test  average  display 
brightnesses  since  the  display  itself  will  likely  be  the  major  source  of 
illumination. 

5.3  UNCONTROLLED  PARAMETERS 

Independent  uncontrolled  parameters  are  parameters  which  are  extraneous 
to  the  main  purpoae  of  the  test.  If  all  were  either  fixed  value  or 
absent,  the  tests  could  be  done  with  much  more  precision. 

Laboratory  tests  can  remove  or  precisely  control  most  of  the  effects  of 
the  parameters  in  this  independent  uncontrolled  category.  Therefore, it 
must  be  concluded  that  one  of  the  main  reasons  for  a  flight  test  program 
is  the  isolation  and  analysis  of  the  influence  of  each  A  the  uncon¬ 
trolled  parameters  encountered  in  flight  upon  the  performance  of  a 
particular  equipment  or  class  of  equipments. 

Slant  Path  Transmission 


The  uncontrolled  paraaner  with  tK  strongest  influence  on  the  tsst  data 
is  the  transmission  of  atmosph'.c  along  the  slant  path  between  th*  sensor 
and  the  target. 
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Slant  path  transmission  is  determined  by  a  number  of  subsidiary  para¬ 
meters  including  range,  relative  humidity,  air  temperature,  particulate 
and  Rayleigh  scattering  and  barometric  pressure. 

As  discussed  in  subsection  3.3.2,  the  transmission  in  the  4  to  12  micro¬ 
meter  band  is  almost  solely  a  function  of  the  quantity  of  precipital 
water  vapor  in  the  slant  path.  Particulate  scattering  fs  included  in 
the  Taylor  and  Yates  based  transmission  estimates  given  in  subsection 
3.3.2. 

To  be  accurate,  the  quantity  of  precipital  water  vapor  should  be  inte¬ 
grated  along  the  slant  path.  For  the  flight  test  program,  next  best 
would  be  to  take  an  average  of  two  estimates:  one  estimate  t:*sed  on 
ground  data  at  the  target,  and  the  other  based  on  data  taken  at  the 
aircraft.  Lacking  that,  next  best  is  data  taken  on  the  ground  alone. 

Automatic  meteorological  equipment  should  be  provided  at  test  locations 
to  determine  barometric  pressure,  relative  humidity,  temperature,  and 
"visibility1*  at  the  TV  operating  wavelength.  In  general,  it  has  been 
found  that  simple  meteorological  instruments  (such  as  hand  held  hygrom¬ 
eters  fcr  relative  humidity  through  wet  and  dry  bulb  temperature  dif¬ 
ference)  arc  not  sufficiently  precis*  lor  the  accurate  estimation  of 
transmission. 

For  the  television  equipment  (operated  in  active  mode),  the  scene 
irrndiance  due  to  iht  system  source  should  be  continuously  monitored 
and  correlated  with  aircrait  range. 
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AC  TV 


IR 


The  primary  effect  of  the  atmos¬ 
phere  on  an  active  system  Is  to 
absorb  source  radiation  both  on 
its  way  to  the  scene  and  its 
return.  The  two-way  transmittance 
T  is 

T  *  exp  (-2oqR) 

where  90is  the  atmospheric 
extlnc.lon  coefficient  at  the 
source  wavelength* and  near  the 
scene  and  R  is  the  optical  slant 
range 


The  atmosphere  substitutes  Us  own 
emitted  energy  at  its  own  tempera¬ 
ture  for  the  target  in  proportion 
to  one  minus  the  transmission. 

Since  it  substitutes  for  both  the 
cold  and  the  hot  bars  alike*  the 
target  temperature  difference  is 
reduced  direct lv  by  atmospheric 
transmission,  i.e. 

*Te  *  aT«  *  T 

where : 

AT  •  the  effective  temperature 
difference  at  the  sensor 
aperture 

AT  -  the  measured  temperature 
difference  at  *he  target 

T  *  slant  path  transmission 


Target  Base  Conditions 

The  target  base  condition  uncontroilalle  parameters  include: 

-  Cold  bar  Temperature 

-  largo t  5or round  Effective  Temperature 

-  Sky  Clear /Overcast 

*  Recent  Precipitation 

-  Wind  Velocity  and  Direction 

-  Extraneous  background  Lights 

-  Instantaneous  trradlanc**  Level  at  Target  Due  to  Intentl  na  1 
irradirncc 
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The  first  two  subsidiary  parameters,  cole  bar  temperature  and  target 
surround  effective  temperature,  are  concerned  with  the  contrast  pattern 
which  the  overall  target  presents  to  the  observer  of  the  IR  system.  The 
x**t  affects  the  same  quantity  for  the  TV  system. 

Ideally,  the  bar  pattern  should  be  in  the  center  of  a  completely  uniform 
field,  but  this  is  Impossible  for  the  field  test.  Second  best  is  that 
the  blank  space  surrounding  the  bars  be  Urge  compared  wich  the  bar  width 
so  that  the  frequency  associated  with  the  leading  and  trailing  cold 
spaces  of  the  target  are  well  removed  from  the  bar  pattern  frequency,  and 
the  resulting  bar  pattern  frequency  spectrum  is  not  radically  altered. 
This  condition  is  generally  met  with  the  bar  pattern  to  be  used. 

The  cold~bar  temperature  can  be  measured  accurately  with  a 
radiometer  since  the  bar  cmisslvitv  is  known  and  high.  The  surround 
effective  temperature  must  be  estimated  with  the  radiometer  by  taking  a 
reading  of  the  r?assy  surround  at  a  grazing  angle. 

The  parameters  of  sky  cover  and  recent  precipitation  are  concerned  with 
he  target  apparent  eaissivity  virlation*.  Precipitation  on  the  target 
may  change  'he  emlssl  ity  slightly,  but  the  effect  is  not  believed  to  be 
serious.  Precipitation  also  ha#  the  effect  of  reducing  the  thermal 
contrast  of  the  target  with  its  surrounding  which  night  affect  the 
operators  tracking  capability. 

Because  the  emlssivity  of  the  target  bars  l#  not  unity,  the  effective 
temperature  of  the  surrounding,  whether  ch*  sky  is  clear  or  overcast, 
also  affects  the  target  signature  since  part  of  the  surrounding  energy 
la  reflected  from  the  bar  surface  to  the  sensor.  For  the  main  electro- 
optical  test  target,  which  has  a  fixed  aspect  with  its  surroundings,  these 
effects  can  be  compensated  for  by  making  a  measurement  of  bar  space  £T 
with  the  radiometer.  The  measurement  includes  any  reflection  effects 
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except  for  a  minor  directional  reflection  component.  However,  for 
tactical  type  targets,  the  surround  energy  contribution  to  signature 
may  be  significant. 

Wind  velocity  and  direction  data  is  a  parameter  affecting  the  temperature 
stability  of  the  target.  Fortunately,  for  the  IR  tests  the  prevailing  winds 
in  winter  and  summer  do  not  blow  against  the  target  face.  Temperatures 
have  been  measured  to  be  relatively  stable  to  winds,  of  about  20  knots.  Here, 
the  main  concern  is  the  variation  in  bar-space  AT  between  the  time  is  is 
measured  with  the  radiometer  and  the  target  breakout  on  that  pass. 

For  the  TV  system  stimulus,  the  target  has  bars  with  different  reflec¬ 
tivities  in  the  visible  and  ne  ;r  IR  spectral  region  but  nearly  identical 
emlssivity  in  the  IR  spectral  region  used  by  the  thermal  sensor.  Thus, 
both  a  variable  TV  bar  pattern  and  a  variable  IR  bar  pattern  c.  n  De 
simultaneously  maintained.  Whereas  in  the  case  of  the  IR  sensor,  the 
primary  stimulus  (presented  energy  difference)  i*>  controlled  only  by  the 
bar-space  temperature  difference  for  the  TV,  the  presented  energy 
difference  is  due  both  to  the  reflectivity  difference  between  the  bars 
and  spaces  and  also  upon  the  quantity  of  dire  :t  illumination.  Thus, 
the  total  angularly  Integrated  TV  effective  ?lluminat*on  falling  on 
the  target  must  be  accurately  measured  at  the  target  on  a  real  time 
continuous  basis  along  with  a  marker  which  will  denote  the  exact 
instant  of  tv  target  breakout. 

The  presence  of  extraneous »  strong  illumination  sources  close  to  the 
target  areas  may  affect  TV  operation.  Therefore,  these  must  be  con¬ 
trolled. 
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Operator  Variables 


Since  a  major  portion  of  the  test  results  are  dependeut  on  operator- 
display  interactions,  care  must  be  taken  in  analyzing  the  parameters 
affecting  operator  performance.  These  parameters  include: 

.  Display  Viewing  Distance 
.  Visual  Baseline  Parameters 
.  State  of  Training 
.  Fatigue,  Motivation,  etc. 

.  Operator  Impressions 

Display  viewing  distance  controls  the  angular  spatial  frequency  of  the 
target  in  visual  space.  Since  target  breakout  and  probability  of 
detection  of  objects  ran  be  influenced  by  visual  space  size,  this  can 
be  important . 

Viewing  distance  could  be  made  a  fixed,  controlled  parameter  if  the  dis¬ 
play  were  provided  with  a  hood  or  a  forehead  rest  to  constrain  the  opera¬ 
tor  to  a  fixed  distance.  If  this  is  not  possible,  viewing  distance  should 
oe  estimated  and  reported  whs.i  different  from  the  average.  It  is  not  a 
strong  variable  and  precise  measurement  is  not  absolutely  necessary  if 
all  tests  are  clearly  noise  limited. 

Visual  baseline  operator  parameters  also  enter  the  performance  calcu¬ 
lation.  For  <1  rigorous  statistical  study,  a  number  of  trained  operators 
should  be  utilized  to  obtain  the  correlation  of  operator  visual  para¬ 
meters  with  system  performance.  Unfortunately,  it  is  much  too  expensive 
to  make  a  sufficient  number  of  trials  during  the  flight  test  to  support 
several  different  operators.  The  best  that  can  be  done  Is  to  measure 
possible  relevant  visual  parameters  of  two  operators,  one  for  each 
sensor,  so  that  some  correlation  with  later  flight  test  programs  or 
data  from  other  visual  investigations  can  be  made.  These  operator 
baseline  visual  parameters  should  be  measured  before  the  test  program 
and  after  completion  of  the  test  program. 
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Many  test  programs  simply  state  that  tiieir  observers  have  ’'normal'1 
vision.  However,  it  has  been  shown,  that  there  can  be  a  significant 
difference  in  visual  performance  by  operators  who  have  different  but 
"normal"  vision.  Accuracy  of  response  and  search  capability  as  a 
function  of  foveal  and  peripheral  visual  acuity  were  major  parameters 
of  the  referenced  study,  and  significant  correlations  were  noted.  It 
is  .suggested  that  the  same  battery  of  acuity  tests  be  given  the  operator 
uced  in  this  test  program.  They  are: 

.  Far  BJjiocular  Visual  Acuity  Using  Block  Letters 

.  A  Landolt  C  Visual  Acuity  Test 

.  A  Bausch  and  Lomb  Visual  Acuity  Test  which  Involves 
Recognition  of  a  Checkerboard  Pattern 

,  A  Symbol-Discrimination  Visual  Acuity  Test 

In  addition,  accommodation  tests  should  be  made  since  the  operator 
will  be  viewing  the  display  at  a  vie*  i.ng  distance  of  from  10  to  23 
inches . 

The  state  of  training  will  also  be  an  important  parameter.  Although 
the  scene  produced  by  an  infrared  thermal  imaging  system  is  strikingly 
similar  to  black  and  white  visual  photographs,  subtle  differences 
exist,  and  <  r.perience  with  the  sensor  being  tested  and  similar  equip¬ 
ment  is  important.  It  is  expected  that  there  will  be  a  trend  of 
improved  performance  as  the  test  program  proceeds,  particularly  In 
"tactical"  type  target  detection. 

Counter  trends  may  also  become  evident  due  to  operator  fatigue  or 
boredom.  It  might  be  expected  that  there  would  be  a  trend  of  decreased 
performance  due  to  operator  fatigue  if  all  daia  were  ranked  in  order  of 
the  pass  number  each  night.  Also,  the  test  program  may  involve  ou*ny 
samples  with  great  similarity  so  boredom  may  become  a  problem. 
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Operator  impressions  can  be  a  valuable  clue  to  boredom  and  fatigue. 

More  important,  however,  is  whether  he  likes  or  dislikes  the  particular 
display  setting  he  is  required  to  observe  as  a  function  of  meteorologi¬ 
cal  and  target  parameters.  It  will  be  important  to  learn  whether  the 
operator  likes  the  appearance  of  the  display  when  it  is  set  to  maximize 
the  probability  of  detection.  Past  flight  test  programs  have  shown  that 
some  of  the  most  significant  clues  to  the  causes  of  significant  differ¬ 
ences  in  test  results  and  a  priori  predicted  results  is  obtained  through 
interviews  with  the  operator  to  determine  what  he  is  "seeing". 

Equipment  Environment  Conditions 

Uncontrolled  equipment  environment  parameters  include: 

.  Telescope  Temperature 
.  Turret  Air  Temperature 
.  Turret  Window  Temperature 
.  Aircraft  Vibration 
.  Aircraft  Angular  Perturbations 
•  Aircraft  Induced  Noises 

Particular  attention  must  be  paid  to  IR  telescope  temperature  which  is 
a  strong  parameter  affecting  focus.  Air  and  window  temperature  are 
recorded  in  case  they  have  some  unforeseen  effect. 

Aircraft  vibration  is  one  of  the  few  parameters  with  an  effect  difficult 
to  assess.  Certainly  it  must  have  some  effect  on  performance,  but  since 
the  level  of  vibration  should  be  relatively  constant  throughout  the 
program,  no  variance  data  can  be  obtained. 


Aircraft  attitude  has  an  effect  on  operator  tracking  performance  and, 
thus,  perturbations  should  be  kept  to  a  minimum  during  the  test  passes. 
If  undue  perturbations  do  occur  during  a  pass,  this  fact  should  be 
recorded. 

Aircraft  induced  noises  arise  from  a  number  of  sources,  and  must  be 
carefully  watched  during  the  course  of  the  test  program.  Particular 
offenders  are  the  transmitters  on  the  aircraft  which  may  send  noise 
spikes  into  the  system  at  inopportune  times.  If  possible,  such 
occurrences  should  be  eliminated  by  procedural  techniques. 

Equipment  Baseline  Conditions 

The  sensor  adjustment  is  of  obvious  importance.  To  the  best  of  their 
ability,  test  personnel  must  be  certain  that  equipment  is  in  excellent 
and  uniform  operating  condition  for  each  flight.  Parameters  which  may 
vary  should  be  recorded  by  logging  run-to-run  to  assure  retention  of 
all  relevant  data.  Parameters  of  importance  include: 

,  Telescope  Focus 
.  Channel  Noise  Voltage 
•  Base  Line  Voltages 

Channel  noise  voltage  is  measured  and  recorded  during  pre-  ani  post¬ 
flight  with  all  other  aircraft  systems  operating  to  provide  the  base 
for  slgnal-to-noise  ratio  at  target  breakout  data. 

Various  equipment  voltages  should  be  monitored  and  logged  periodically 
throughout  the  data  flights  <.0  assure  that  equipment  Is  as  close  to  the 
same  condition  each  night  as  possible. 
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Tactical  Target  Base  Conditions 


Tactical  target  uncontrolled  parameters  which  are  of  particular 
interest  are: 

.  Speed  of  Travel 
.  History  of  Recent  Operation 
.  Predominant  Temperatures 

It  has  been  found  that  the  Thermal  signature  of  a  moving  vehicle  is 
significantly  different  from  that  of  a  stationary  vehicle.  Moving  air 
cools  the  hood  while  flexing  warms  the  tires  of  the  vehicle.  Consequent¬ 
ly,  recent  operating  history  is  a  factor  in  the  probability  of  detection 
and  recognition  ranges.  Therefore,  it  is  proposed  that  vehicles  used  as 
targets  be  kept  in  fairly  constant  motion  until  just  prior  to  aircraft 
overpass.  Taking  data  with  the  targets  moving  would  probably  lead  to 
intolerable  errors  in  slant  range  measurement  and  background  condition 
control  although  the  differences  in  detection  range  for  moving  and  static 
targets  under  various  display  settings  would  be  interesting. 

5.4  FLIGHT  TEST  CONFIGURATION 

There  are  a  number  of  ways  in  which  the  flight  test  can  be  configured 
in  order  to  obtain  theoretical  performance  model  conformation.  Each 
way  has  both  merits  and  faults.  Some  of  the  considerations  are 
discussed  below. 

Mathematically,  the  detection  and  recognition  of  vehicles  is  less 
tractable  to  analysis  than  is  the  "breakout11  of  a  regular  bar  pattern. 
This  is  due  to  the  complexity  of  real-target  signatures.  The  inter¬ 
action  of  the  parameters  contributing  to  the  target  detection  and 
recognition  signature  is  not  yet  fully  understood.  Consequently,  it  is 
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proposed  that  the  fundamental  equipment  performance  model  to  be 
confirmed  is  the  performance  against  a  regular  bar  pattern  for  various 
conditions  of  target  bar-space  energy  difference  and  equipment  con¬ 
trolled  settings.  From  this  base,  the  interaction  of  tactical  type 
t-irget  signatures  and  equipment  parameters  can  be  more  easily  deduced. 

To  the  author's  knowledge,  the  only  Government -owned  bar  target  capable 
of  supporting  a  simultaneous  IR/TV  flight  test  is  the  large  electro- 
optical  test  target  located  at  Webster  Field,  Maryland,  and  operated  by 
the  Naval  Air  Test  Center,  Patuxent  HAS,  Maryland.  This  target  can 
present  various  reflectance  differences  in  the  visible  and  near  IR  and 
simultaneously  present  a  temperature  difference  at  nearly  uniform 
emissivity  in  the  long  wavelength  IR  region  used  by  the  thermal  sensor. 
Although  more  temperature  stability  in  the  bars  would  be  desirable, 
useful  data  can  be  obtained.  Because  of  its  uniqueness,  the  use  of 
this  target  has  been  presumed  in  the  discussions  in  the  preceding  sub¬ 
sections  . 

More  options  exist  in  the  case  of  the  tactical  type  target  detection 
and  recognition  tests.  Applicable  ranges  exist  at  Eglin  AFB  and  in  »he 
Panama  Canal  Zone  as  well  as  at  Webster  Field.  It  is  expected  that  4 
desert  range  at  Edwards  or  China  lake  could  also  be  made  available.  For 
uniformity  of  difficult  atmospheric  transmission  weather  year-around, 
the  Canal  Zone  is  best,  but  support  of  the  test  is  more  difficult 
because  of  the  distance.  Also,  it  is  clear  that  a  test  program  conduct¬ 
ed  in  either  uniformly  poor  or  uniformly  excellent  transmission 
conditions  cannot  produce  the  maximum  available  information.  However, 
limited  tests  at  the  Canal  Zone  may  be  useful. 
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Eglin  AFB  has  a  large  area  available  for  tactical  type  target  locations, 
1>  easily  accessible,  and  has  some  transmission  condition  variability 
winter  to  summer.  Webster  Field  has  a  more  limited  area  available  for 
tactical  type  target  locations  and  a  wide  range  of  expected  transmission 
conditions  winter  to  summer.  It  is  also  easily  accessible.  A  major 
advantage  of  the  Webcter  Field  site  for  detection  and  recognition  tests 
is  that  tests  can  be  run  simultaneously  (serially  in  any  given  aircraft 
pass)  with  the  bar-target  tests  so  that  intercomparisons  at  a  single 
set  of  atmospheric  conditions  can  be  made. 

Flight  time  per  data  point  is  of  the  essence  in  a  flight  test  program. 
Experience  at  Webster  Field  has  shown  that  approximately  three  missions 
per  5-day  week  can  be  accomplished.  When  flying  only  against  the  bar 
target,  one  data  point  (one  overflight)  can  be  accomplished  every 
10  minutes.  Thus,  it  is  possible  u  gather  as  many  as  25  data  points 
on  a  single  night  and  as  many  as  75  data  points  average  per  week  of 
time  scheduled  at  the  range. 

A  flight  pattern  at  Webster  Field,  which  includes  both  the  main  target, 
good  tactical  type  target  sites,  and  meets  local  flight  restrictions, 
taken  approximately  20  minutes  to  complete.  An  average  of  12  data 
points  of  each  type  on  a  single  night  is  typical,  although  longer 
mission  times  can  increase  this  number. 

At  Eglin  AFB,  sufficient  area  for  lest  exists  so  that  it  may  be  possible 
to  set  up  two  separate  sets  of  utieai  type  target  sites  on  opposite 
legs  of  a  race  course  pattern.  It  might  be  feasible  to  complete  nuch  a 
pattern  approximately  every  12  t*>  15  minutes. 
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The  conditions  at  the  Canal  Zone  test  range  are  unknown  as  are  the 
conditions  at  Edwards  AFB  and  China  Lake  Test  Center.  Along  with  the 
availability  of  flight  area,  the  selection  of  test  program  configu¬ 
ration  also  depends  on  the  availability  and  coat  of  range  instrumen¬ 
tation,  target  vehicles,  support  personnel,  and  data  reduction 
facilities.  Therefore,  the  final  selection  of  flight  test  site  and 
procedures  must  receive  additional  study. 


APPENDIX  I 

ATMOSPHERIC  TRANSMISSION  ANALYSIS  FOR  THE  IR 

1. 1  ATMOSPHERIC  TRANSMISSION 

The  transmission  of  the  atmosphere  has  a  profound  effect  on  the  design 
and  performance  of  thermal  imaging  equipment.  Absorption  of  signal 
energy  along  the  target-sensor  slant  path  produces  a  reduction  in 
thermal  contrast  as  viewed  by  the  sensors  so  that  mere  equipment  gain, 
and  a  concomitant  reduction  in  displayed  dynamic  range,  is  required  to 
see  a  given  temperature  difference.  Design  of  future  equipment  and  the 
evaluation  of  equipment  already  built  must  take  into  account  the  effects 
of  this  atmospheric  absorption  contrast  reduction  as  a  function  of  range 
and  meteorological  parameters. 

Many  specific  spectral  band  limits  might  be  selected  to  meet  a  variety 
of  equipment  mission  objectives.  To  understand  the  interactions,  trans¬ 
mission  effects  must  be  studied  at  several  ranges  for  many  atmospheric 
conditions  for  each  set  of  band  limits.  To  accomplish  this  task,  a 
general  computer  analysis  program  is  required  to  perform  the  many 
calculations. 

Two  regions  of  the  electro-magnetic  spectrum  are  usually  considered  in 
connection  with  the  missions  of  thermal  imaging  sensors:  the  3  to  5 
micrometer  band  and  the  8  to  14  micrometer  band.  The  Infrared  Image 
Test  Program  Study  (Contract  F33bl5-69-C-1199,  P0Q5) ,  has  been  used 
as  a  base  for  much  of  the  8  to  14  micrometer  band  work  reported  hen*. 

The  investigation  of  the  3  to  3  micrometer  band  and  scattering  effects 
were  accomplished  on  the  High  Performance  TR  System  Study  (Contract 
P33615-70-C-1682). 


I. 1.1  SELECTION  OF  A  TRANSMISSION  MODEL 


The  purpose  of  the  atmospheric  transmission  study  was  not  to 
develop  an  entirely  new  transmission  model,  but  rather  to  adapt 
available  models  to  the  specific  missions  at  hand.  To  accomplish 
this  purpose,  possible  models  were  investigated  using  the  criteria 
that : 

a.  The  model  must  be  already  developed 

b.  The  model  must  accept  a  range  of  parameters  representative 
of  expected  condltians 

c.  The  models  must  be  available  ana  ea>y  to  use 

d.  The  results  must  be  believable  when  compared  to  measured 
results 

A  survey  of  atmospheric  models  and  measures  was  made  using  Anding 
(Ref.  28)  as  a  primary  source.  This  survey  selected  three  models  to 
be  investigated  in  more  detail. 

The  Yates  and  Taylor  (Ref.  29)  measured  data  are  a  primary  source  since 
it  is  virtually  the  only  field  measured  spectral  data  taken  over  long 
pathlengths  for  a  wide  variation  in  conditions.  The  data  are  available 
and  easy  to  use  when  the  specific  conditions  published  are  close  to  the 
conditions  expected;  the  data  are  representative  of  a  variety  of  sea 
level  conditions  likely  to  occur  in  the  Chesapeake  Bay  region;  and  the 
data  are  accepted  as  accurate  throughout  the  industry.  The  major  draw¬ 
back  is  that  the  data  art--  difficult  to  extrapolate  to  other  than  the 
measured  conditions.  This  is  particularly  true  in  the  3  to  5  micro¬ 
meter  band  where  se\eral  constituent  absorbers  contribute  to  the  shape 
of  tne  usable  transmission  windows.  In  the  8  to  12  micrometer  band, 
the  transmission  is  almost  totally  dependent  on  the  quantity  of  pre- 
cipitaole  water  •  apo:  in  the  slant  path,  so  an  ext vapolitlon  of  the 
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Yates  and  Taylor  data  is  relatively  straightforward  for  conditions  of 
moderate  relative  humidity. 

Another  model  studied  in  detail  was  the  Altshuler  (Ref.  30)  estimate. 
This  transmission  estimate  is  developed,  readily  available,  and  easy  tr 
use.  The  method  was  originally  developed  for  quick  estimates  by  hand 
computation  techniques,  but  it  is  quite  amenable  to  rapid  computer 
calculation.  There  are  two  major  difficulties  with  the  Altshuler 
estimate.  First,  the  fine  spectral  structure  of  the  constituent 
absorbers  has  been  averaged  so  the  transmission  in  small  bandj  cannot 
be  accurately  estimated  and  the  band  limits  of  optimum  bands  are  not 
precisely  determinable.  Second,  at  higher  concentrations  of  ‘recipit- 
able  water  vapor  there  is  a  serious  discrepancy  between  estimates  for 
the  8  to  14  micrometer  band  from  Altshuler  and  the  measured  data  cf 
Yates  and  Taylor  for  similar  condition". 


During  the  ir  estigation  for  the  cause  or  causes  of  the  discrepancy, 
Mr.  Andlng  was  consulted  by  telephone.  Mr,  Anding  consented  that: 


"The  Yates  and  Taylor  data  has  a  large  scattering  contri¬ 
bution  at  high  water  vtpcr  concentrations.  Altshuler  did 
his  analysis  using  experimental  data  taken  at  low  water 
vapor  concentrations.  Thus,  any  extrapolation  to  high 
water  vapor  concentrations  is  likely  to  be  bad  Anyone's 
program  will  probably  have  this  same  difficulty. 

Krny  Investigators  are  currently  facing  the  same  problem. 
They  are  attempting  to  obtain  long  path  laboratory  data 
with  high  concentrations  of  water  vapor.  Thus  far,  all 
experiments  have  failed  at  concentrations  of  approxi¬ 
mately  5  precipitable  cautioners  due  to  condensation  of 
the  water  on  the  apparatus."9 


^Private  Coenunication  with  David  Anding,  Infrared  and  Optical  Sensor 
Laboratory,  U.  of  Mich.,  10  June  1970 
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A  third  transmission  model  that  was  considered  was  the  University  c f 
Michigan  transmission  computer  program.  This  is  a  very  sophisticated 
program  which  can  estimate  transmission  by  the  various  band  models  as 
best  applicable  ov*r  a  wide  variety  of  slant  path  conditions  with  a 
resolution  of  approximately  5  wavenumbers.  Mr.  Anding  (Ref.  28) 
commented  that  this  program  begins  to  underpredict  the  Taylor  and 
Yates  data  significantly  at  water  vapor  concentrations  in  excess  of  4 
precipitable  centimeters  in  the  8  to  12  micrometer  band  even  though 
the  program  has  a  scattering  subroutine.  However .  he  reports  that 
the  program  does  much  better  than  Altshuler  in  the  3  to  5  micrometer 
band.  ThU  model  was  not  pursued  primarily  because  the  model  is  not 
readily  available.  Special  cases  can  be  obtained  through  contact 
with  the  University  of  Michigan,  but  heuristic  exploration  zf 
parameter  variation  is  not  possible. 

1.1.2  ALTSHULER  TRANSMISSION  ESTIMATE 

Altshuler's  estimate  is  a  series  of  curves  for  water  vapor.  CO^ , 

NjO  and  plotting  spectral  transmission  as  a  function  of  log^ 
wavelength  for  a  specific  level  concentration  of  the  absorber,  in 
regions  of  strong  line  absorption,  these  spectral  transmission  values 
can  be  scaled  to  other  equivalent  sea  level  concentration*  using  the 
relationship 

T  (X)  -  «xp  C-Z  (X)  (W*)l/21  (120) 

where: 

T  ?\)  ■  spectral  transmission  at  t  given  wavelength,  fraction 

V*  ■  desired  equivalent  sea  level  path  of  absorber 

Z  <X>  ■  •  number  s  rh  that 

To  (\)  -  exp  r-2  (X)  <V*)l/2] 
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where: 


To  (X)  »  transmission  value  given  In  Altshuler's  curves 

V*  ■  equivalent  sea  level  path  at  which  the  chart  data  were 
taken 


Under  weak-line  conditions ,  in  general ,  where  transsiission  exceeds  95% 
at  sea  level,  the  curves  are  scaled  with  curvet  of  the  general  fora 


T  -  1  -  1C'  (X) 


V*  (95%) 


(121) 


where: 


W*  (95) 


V  (X)  - 


amount  of  equivalent  sea  level  absorber  which  would 
produce  a  transmission  of  95%  by  Eq.  129 
empirically  derived  scaling  constant  for  each  absorber. 


The  equivalent  amount  of  sea  level  absorber  Is  calculated  with  the 
equation 


**  •  /  "<*>  (yp)'  (tsb)  *» 


(122) 


where 


x  ■  slant  path  length  in  meters 
H(x)  -  absorber  mixing  ratio  at  any  specific  point  on  the  path 
F0  -  sea  level  standard  atmospheric  pressure  (760  w*  Hg) 

F(x)  ■  pressure  at  any  specific  point  on  the  path 
Tp  -  standard  condition  absolute  temperature  (15°C,  288°K) 
T(x)  •  absolute  temperature  »t  any  specific  point  on  the  path 
n  ■  empirically  derived  constant  depending  on  the  absorber, 
n  ■  1  for  HjO,  C02  and  NjC, 
n  •  0.3  for  Ok 


•****, r~  * 


By  limiting  the  area  of  validity  of  the  computer  algorithm  to  approx¬ 
imately  horizontal  slant  paths  at  altitudes  below  approximately  10,000 
feet,  ozone  absorption  can  be  neglected  and  a  precise  integration  of 
M(x),  T(x)  and  T(x)  over  the  path  is  not  required,  so  Eq.  131  can  be 
reduced  to 


W* 


M 


288  \ 
(273  +  Tq)  7 


2 


X 


(123) 


where : 

M(C0?)  *  350  ppm  x  10  * 

1  -4 

M(N20)  «  0.5  ppm  x  10 

MOljO)  -  1.225  g/kg  x  10'4 

This  near  sea  level  approximation  is  considered  valid  in  view  of  the 
altitude  regimes  assumed  for  many  missions. 

At  the  altitudes  being  considered,  the  mixing  ratios  of  CO^  end  N20 
can  be  .onsidered  to  be  constant.  The  mixing  ratio  of  water  vapor, 
however,  is  a  function  of  water  vapor  actually  ir.  the  path. 

The  amount  of  water  that  air  can  hold  at  saturation  is  a  function  of  air 
temperature,  3.839  g/Kg  at  0°C  and  20.44  g/Xg  at  37.8°C.  (Ref.  31).  Over 
this  temperature  range,  the  mixing  ratio  of  water  at  saturation  can 
be  estimated  to  an  accuracy  of  better  than  1  percent  by  the  relation- 
ship 

M  -  (3.95)  (!.0G8)T  <124) 

where : 

M  *  mixing  ratio  of  1!20  to  dry  air,  gtn/Kg 

o 

T  »  temperature,  0 
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The  algorithm  for  mechanizing  Altshuler's  curves  by  computer  was 
written  in  two  parte.  The  first  step  was  to  convert  his  data  to 
a  form  which  could  be  quickly  evaluated  by  a  second  program  over 
arbitrarily  selected  band  intervals. 

Over  the  wavelength  intervals  2.75  to  6.0  and  7.G  to  15  micrometers,  the 
transmission  values  given  in  Altshuler's  curves  were  read  at  1  percent 
Intervals  of  the  logarithm  base  10  of  the  wavelength  in  micrometers. 

A  value  for  Z  (X)  was  derived  for  each  point  using  the  relationship 

To  (X>/100  -  exp  Z  (X)  <W0*)1/2J  (125) 

(See  Eq.  120) 

Z  (X)  -  -In  (To  (X)/100)/(Wo*)1/J  (1?6) 

Noting  that  a  linear  plot  of  log^  Z  (X)  vs  log^  (X)  results  in 
relatively  smooth  curves  with  short  intervals  between  data  points, 
linear  curves  were  fitted  between  each  successive  two  points  of 
loglQZ  (X). 


Y  (X) 

-  lo"lQ  (Z  (X)) 

(127a) 

X  (X) 

■  log10  (X) 

(127b) 

Y  <X2) 

■  »  X  (Xj)  +  b 

(127c) 

Y  (Xp 

-  n  X  (Xj)  +  b 

(127J) 

Y  (Xp 

-  Y  (Xx)  -  »  [X  <X2) 

-  x  (xp] 

(128) 
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But  in  this  particular  instance,  X  (X0)  -  X  (X^)  =  0.01,  the  interval 
at  which  data  were  taken  so: 


a  -  100  [Y  (Xx)  -  Y  (\2)]  (129a) 

b  «  Y  (Xx)  -  m  [X  (Xp]  (129b) 


Values  for  m  and  b  are  stored  in  the  computer  for  each  constituent 
absorber  and  each  log  wavelength  interval.  These  are  the  basic  data 
and  have  to  be  run  only  once  unless  it  is  desired  to  add  additional 
wavelength  Intervals  beyond  those  already  processed. 

The  initial  section  of  the  algorithm  calculates  the  temperature  and 
pressure  corrected  values  of  the  equivalent  sea  level  quantity  of 
the  absorber,  W*,  utilizing  Eqs.  123  and  123.  Then,  starting  at  the 

short  wavelength  band  limit  requested,  the  value  of  the  exponent 
of  Eq.  120  is  calculated,  using  the  m  and  b  values  f^»r  interpolation. 

A  test  is  them  made  for  each  constituent  to  see  if  the  strong-line 
or  weak-line  absorption  condition  prevails: 


For  water  vapor  T  >  937. 

For  CO.}  T  >  957. 

For  N,0  T  807. 


All  at  sea  level . 

If  T  would  exceed  the  indicated  limit,  the  constituent  transmission 
is  calculated  by  Eq . 121 ;  if  not,  transmission  is  calculated  by  Eq.  120. 
The  spectral  transmission  for  each  wavelength  is  the  product  of  the 
three  constituent  transmission  values: 

T  <X>  -  (X)  •  TC02  (X)  •  TNj0  (X)  (130) 
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The  program  then  increases  the  wavelength  by  0.02  micrometer  using  the 
equation 

X2  -  Xx  +  8.686  (10X1)  (131) 

where: 

X  «  log^Q  an<*  calcu*ates  the  transmission  in  the  next 

interval  until  the  long  wavelength  band  limit  selected  is 
reached 

Figure  50  shows  spectral  data  given  by  this  program  throughout  the  3  to 
5  and  8  to  14  nicrometer  bands. 

In  formulating  this  atmospheric  transmission  algorithm,  care  was  taken 
to  order  tue  calculations  in  such  a  way  that  the  program  capability  is 
easily  expanded,  e.g.,  greater  wavelength  intervals,  1  to  60  micrometers; 
altitudes  requiring  ozone  calculations;  scattering  by  haze  or  fog,  etc. 
Also,  the  specific  response  curve  of  a  particular  sensor  (spectral 
filter  and  detector)  can  readily  be  incorporated .  At  the  same  time, 
the  loops  have  been  ordered  to  minimize  the  computation  time.  The 
result  is  an  economical  tool  lor  investigating  the  atmospheric  trans¬ 
mission  effects  on  thermal  imaging  sensors  within  the  limits  of  basic 
data  used. 

1.1.3  OPERATIONS  ON  YATES  AND  TAYLOR  DATA 

The  Yates  and  Taylor  data  consist  of  a  number  of  reduced  transmission 
curves  obtained  with  a  spectrometer  set  at  a  resolution  of  \/L\  *  300 
measured  in  three  sea  level  paths  over  the  Chesapeake  Bay.  In  this 
Investigation,  transmission  curves  taken  of  the  5.5  and  16.25  Km 
range  paths  were  used.  Table  VI  lists  the  conditions  for  which 
data  were  available.  The  following  sections  describe  the  computer 
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PERCENT  TRANSMISSION 


WAVtLCN^TH  (MICROMETER fl) 


WAV CICMRTH  (MICROMETERS) 

TEMPERATURE  l*#C 

PRESSURE 

RccATtvc  wMtorrv  51% 
no  scattering  CONTRIBUTION 


Figure  50.  Spectral  Data  Produced  By  the  UGS  Computer  Algorithm 
for  Altshuler's  Transmission  Estimate 
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algorithms  developed  to  make  use  of  these  data.  The  Curve  Numbers 
listed  on  the  tables  are  for  reference  in  later  discussions. 

Integration  Algorithm 

A  simple  numerical  integration  algorithm  was  developed  to  obtain 
average  transmission  data  for  the  various  spectral  band  limits  under 
investigation.  For  the  3  to  5  micrometer  data,  the  seven  transmission 
curves  listed  in  Table  VI  were  quantized  from  graphs  at  0.01  micrometer 
intervals  to  provide  a  data  file  for  computer  operations.  For  the  8 
to  14  micrometer  data,  five  curves  were  quantized  at  0.05  micrometer 
intervals. 

Average  transmissions  are  obtained  by  summing  one-half  the  quantized 
transmission  values  at  the  first  and  last  wavelength  intervals  to  the 
sura  of  transmission  values  at  all  of  the  intervening  intervals,  and 
dividing  the  result  by  the  number  of  intervals,  e.g.: 


TABLE  VI 

(U)  METEOROLOGICAL  DATA  FOR  YATES  AND  TAYLOR  FIELD  MEASUREMENTS 


Ref. 

No. 

Range 

km"* 

Air 
Temp . 

C 

Rel . 
Hum. 

1 

pr.  cm. 
Ho0 

6,  2.17 
km"l 

6,  3.5 

1 

5.5 

1,4 

47 

—  t  "  ■* 

1.37 

- 

- 

2 

5.5 

3.3 

66 

2.2 

0.091 

0.062 

3 

5.5 

17.8 

51 

4.18 

0.042 

0.031 

4 

5.5 

25.3 

73 

9.4 

- 

- 

5 

16.25 

11.7 

41 

5.2 

- 

- 

6 

16.25 

20.6 

53 

15.1 

0.038 

0.038 

7 

16.25 

23.3 

82 

27.7 

0.046 

C.047 
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All  curves  are  integrated  in  parallel.  Figure  51  shows  a  composite 
result  for  seven  different  spectral  band  limits  in  the  3  to  5  micrometer 
band.  (The  band  limits  were  selected  using  a  photon  S/N  peaking  routine 
which  uses  the  same  data  file.  The  circled  entry  shows  which  curve  gave 
the  indicated  band  limits  as  optimum.) 

1.1.4  OTHER  ENERGY  LOSS  MECHANISMS  * 

Most  literature  on  atmospheric  attenuation  is  devoted  to  the  under¬ 
standing  of  gas  and  water  vapor  absorption.  Although  this  type  of 
signal  energy  loss  is  a  very  significant  contributor  to  the  total 
loss  and  a  major  influence  on  spectral  band  selection,  the  meteor¬ 
ological  conditions  found  in  the  field  during  many  applications  of 
instruments  operating  in  the  3  to  5  and  8  to  14  micrometer  spectral 
bands  demand  that  other  energy  loss  mechanisms  bo  considered  if 
accurate  performance  predictions  are  to  be  made. 

TN  additional  energy  loss  mechanism  usually  considered  is  aerosol 
"scattering11 .  There  exists,  however,  one  absorption  mechanism  which 
has  been  singularly  ignored:  aerosol  absorption.  The  phenomenon 
usually  referred  to  a?  "scattering"  is  really  aerosol  extinction,  a 
combination  of  scattering  and  absorption.  In  the  infrared,  at  wave¬ 
lengths  longer  than  about  3.5  micrometers,  aeiosol  absorption  has  a 


The  remainder  of  this  appendix  1?  taken  fro*:  J.  A.  Hodges,  "Aerosol 
Extinction  Contribution  To  Atmospheric  Attenuation  In  *nfra.'ed  Wave¬ 
lengths",  Applied  Optics  11  (1972;  pp  2304  -  2310 
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BAT’D  CIRCLED  CAVE  OPTURJH  SIGNAL-TO -NOISE 

Figure  5i .  Integration  Program  for  Yatea  and  Taylor  Data 


doable  effect:  Not  only  is  energy  absorbed  by  the  liquid  of  the 
aerosol  particles  but  the  particle*}  also  emit  energy  at  the  air 
temperature  producing  a  masking  energy  background  against  which 
infrared  instruments  must  operate. 

Aerosol  liquid  water  absorption  can  be  particularly  high  under  condi¬ 
tions  of  high  relative  humidity,  a  condition  where  aerosol  particles 

32 

are  large.  This  effect  has  been  discussed  by  Carlon.  He  suggested 

that  this  energy  loss  mechanism  may  be  a  source  of  unexplained  behavior 

33 

in  many  radiometric  measurements.  Streece  has  suggested  liquid  water 
absorption  may  be  a  reason  for  discrepancy  between  his  data  and  the 
data  of  Yates  and  Taylor  for  similar  large  quantities  of  prccipital 
water  vapor  in  the  path.  Streete'-.  data  was  taken  in  a  longer  physical 
path  at  lower  relative  humidities.  He  obtained  considerably  higher 
transmission  values  in  the  wavelength  band  8  to  10.6  micrometers  than 
did  Yates  and  Taylor. 

The  estimates  for  aerosol  extinction  and  absorption  are  based  on  the 

34 

techniques  reported  by  Earnhardt  and  Streete.  A  most  useful  concept 
in  the  Earnhardt  and  Streete  technique  is  the  consideration  that  the 
distribution  of  aerosol  condensation  nuclei  can  be  thought  of  as  a 
combination  of  a  \-narit  irtv"  distribution  and  a  "eont ? nental" 
distribution.  Any  particular  case  consists  of  a  ratio  combination  of 
the  two  cases.  The  continent il  distribution  is  typically  that 
distribution  found  near  the  center  of  continental  masses  while  the 
maritime  distribution  is  typically  that  distribution  found  far  from 
land.  Figure  32  shows  the  assui^U  particle  densities  as  a  function 
of  radius  for  the  two  diftribut ions. 

In  this  appendix,  the  combination  of  nucleation  distributions  is 
indicated  by  the  fraction  continental /continental  +  maritime.  Unity 
indicates  only  the  continental  distribution  Is  present,  aero  indicates 
only  the  maritime  distribution  is  present,  0.3  indicates  half  of  each 
distribution  Is  present  etc. 
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The  condensation  nuclei  distribution  is  modified  by  a  growth  factor 
which  accounts  for  the  accretion  of  water  to  the  particle  as  a 
function  cf  humidity.  Growth  is  not  primarily  a  function  of  the 
quantity  pr.  cm,  of  water  vapor  in  the  path,  but  rather  of  the 
relative  humidity-  The  accretion  is  slight  for  relative  humidities 
below  approximately  50  percent  but  is  extremely  rapid  above  80  percent. 
The  growth  curve,  as  reported  by  Baruhardt  and  Streete,  is  shown  in 
Figure  53. 

A  number  of  modifications  have  been  made  to  the  basic  Barnhardt  and 

Streete  estimation  technique.  Rather  than  calculating  the  e:;act  Hie 

35 

coefficients,  the  approximate  formulas  developed  by  Van  De  Hulst, 

3  6 

as  reported  in  Chu  and  Hogg,  are  used.  These  are  corrected  by  the 

37 

factors  reported  in  Deirraend jian  who  slates  that  the  correction 
brings  the  approximate  coefficient  witlnn  2  percent  of  the  exact  Hie 
value.  Equations  for  the  aerosol  extinction  and  absorption  are  given 
in  Section  1.1.10 

The  values  of  the  complex  index  of  refraction  for  water  are  taken  from 
Chu  and  Hogg  with  the  values  beyond  10  micrometers  checked  against 
Centeno* data,  the  original  data  source.  The  real  portion  of  the 
index  is  modified  as  suggested  by  Barnhardt  and  Streete  to  account  for 
the  change  In  index  from  that  of  the  condensation  nucleus  (assumed 
value  *  1.54)  to  that  of  water  as  the  particle  radius  grows  with 
occluded  water.  Figure  54  shows  the  complex  refractive  index  used  in 
the  computer  algorithm  for  a  relative  humidity  of  98  percent. 

1.1.5  AEROSOL  EXTINCTION  AND  ABSORPTION  RESULTS 

The  aerosol  extinction  and  absorption  computing  algorithms  have  been 
used  in  two  ways:  separately  to  provide  spectral  coefficients  over  a 
wide  range  of  relative  humidities  and  continental-maritime  distribution 
mixing  ratios,  and  as  a  part  of  the  overall  transmission  estimating 
algorithm. 
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Figure  53.  Particle  Growth  Factor  as  a  Function  of  Relative  Humidity 
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Figure  54^  Particle  Complex  Refractive  Index  at  987.  Relative  Humidity 


Selectea  spectral  extinction  coefficients  are  given  in  Figure  55. 

A  most  surprising  result  is  that  the  extinction  coefficient  near 
10  micrometers  is  almost  independent  of  the  condensation  nuclei 
distribution  used.  This  is  shown  even  more  dramatically  by  Figure  56 
which  is  a  t*ider  spectrum  of  the  ratio  of  continental  distribution 
divided  by  continental  plus  maritime  distribution  at  a  fixed  relative 
humiditv  of  85  percent.  The  flatness  of  the  extinction  coefficient 
for  the  pure  maritime  distribution  is  also  surprising.  These  results 
may,  of  course,  be  fortuitous  si  tee  they  depend  on  interaction  of  the 
assumed  value  of  the  complex  index  of  refraction  of  water  and  the 
assumed  condensation  distributions. 

Figure  57  illustrates  how  zapidly  the  extinction  coefficient  increases 
with  relative  humidity.  All  of  these  curves  are  for  the  single 
condensation  particle  distribution  ratio  of  0.0 

Figure  58  shows  ttw  spectral  absorption  coefficient  portion  of  the 
extinction  coefficient.  In  general,  these  curves  follow  the  imaginary 
portion  of  the  index  of  refraction.  I f  an  imaginary  index  were  assumed 
for  the  condensation  salt  particles,  similar  to  the  assumed  real  i.:dex, 
then  the  excursion  of  the  absorption  coefficient  would  be  moderated  at 
the  lower  relative  humiditv  values. 

The  relative  amount  of  energy  loss  to  absorption,  as  opposed  to  that 
lost  through  scattering  cut  of  the  observers  path,  is  dramatised  by 
Figure  59  which  is  the  ratio  of  spectral  absorption  to  spectral 
extinction. 

The  curves  show  that  beyond  a  wavelength  of  approximately  10  micrometers, 
the  absorption  portion  of  aerosol  extinction  is  ouite  high.  Since  the 
extinction  coefficient  is  also  increasing  rapidly  in  this  region,  it  ca.4 
be  concluded  that  aerosol  background  tmisrion  increases  rapidly  beyond 
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Figure  55.  Spectral  Extinction  Coefficient  as  a  Function  of 
Relative  Humidity  and  Nucleation  Distribution 
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Figure  58.  Spectral  Absorption  Coefficient  as  a  Function  of  Relative 
Humidity  and  Nucieation  Distribution 
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approximately  11  micrometers.  Similarly,  both  the  extinction  coefficient 
and  the  absorption  portion  of  the  extinction  coefficient  are  higher  in 
the  3  to  3.5  micrometer  spectral  band. 

The  shape  of  Figure  59  indicates  that  the  radiant  energy  characteristic 
of  a  given  air  mass  can  change  drastically  as  a  function  of  wavelength. 
For  example,  consider  a  warm  air  mass  overlaying  a  cool  suriace.  In 
spectral  regions  of  high  scattering  and  low  absorption,  the  air  mass 
will  be  scattering  energy  from  the  cool  surface,  while  in  regions  of 
high  absorptivity  and  low  scattering,  the  energy  will  be  radiated  from 
the  warmer  air. 

1.1.6  COMPARISON  OF  MEASURED  AND  ESTIMATED  EXTINCTION  COEFFICIENTS 

Figures  60  and  61  are  a  comparison  of  Yate^  and  Taylor  measured 
"scattering”  coefficients  and  estimated  extinction  coefficients 
Tha  measured  data  in  Figure  60  was  determined  in  a  5.5  km  sea  level 
path  while  the  measured  data  in  Figure  61  was  determined  in  a  16.25 
km  path. 

Yates  and  Taylor  reported  that  the  "scattering"  coefficient".  .  . 
determination  was  based  op  the  assumption  that  absorption  is 
negligible  at  certain  spectral  points  away  from  intense  absorption 
bands,  and  that  in  these  'windows*  the  measured  attenuation  could  be 
completely  attributed  to  scattering."  Samples  were  taken  at  the 
wavelengths  of  0.55,  0.60,  0.70  0.80,  0.90,  1.0C,  1.26,  1.67,  2.17, 

3.5,  4.0  and  4.7  micrometers  with  the  data  at  4.7  micrometers 
judged  to  be  questionable  because  of  the  presence  of  weak  absorption 
bands.  In  this  appendix,  only  the  bands  longer  than  0.90  micrometers 
are  considered  in  order  to  avoid  the  effects  of  Rayleigh  scattering 
by  atmospheric  molecules. 
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The  reference  number  of  Figu  :es  60  and  61  refers  to  Table  VI  in 
Section  1.1.3.  The  Y  &  T  number  is  the  ’’run  number"  of  the  original 
data.  Reference  samples  3  and  6  are  for  the  same  date,  19  June  1956. 

The  estimated  extinction  coefficients  are  selected  by  estimating 
spectral  extinction  coefficient  curves  at  the  indicated  relative 
humidity  and  at  several  continental /continental  plus  maritime 
condensation  nucleus  distribution  rat ios  and  selecting  the  ratio 
that  best  fits  the  slope  of  the  measured  data  beyond  2.0  micrometers. 
(The  two  curves  for  the  same  day  show  very  different  slopes*. > 

1.1.7  COMPARISON  OF  MEASURED  AND  ESTIMATED  BAND  ATTENUATION 

Using  the  estimated  condensation  particle  distribution  ratios 
determined  in  Section  1.1.6  above,  average  band  attenuations  are 
estimated  in  the  several  selected  wavelength  bands  using  the  meteor¬ 
ological  and  range  parameter  values  reported  by  Yates  and  Taylor. 
Unfortunately,  the  measured  spectral  transmission  curves  which  were 
transcribed  to  the  earlier  computer  program  for  easy  integration  are 
not  completely  coincident  with  the  data  for  which  "scattering" 
coefficients  are  reported:  Only  four  curves  can  be  compared  in  the 
3  to  5  micrometer  wavelength  band  and  3  curves  in  the  8  to  14 
micrometer  band. 

Table  VI'l  gives  the  results  of  the  comparison.  The  estimates  at  low 
relative  humidity  are  in  excellent  agreement  with  the  measured  data. 
The  3  to  5  micrometer  band  attenuation  estimates  tend  to  be  high 
while  the  8  to  14  micrometer  band  attenuation  estimates  tend  to  be 
low.  It  seems  remarkable,  however,  -»at  the  estirates  for  both 
bandr  are  so  good  considering  that  the  distribution  of  condensation 
nuclei  consisted  of  two  simple  distributions  whose  ratio  is  judged 
by  the  slope  of  measured  data  2  to  4  micrometers.  A  small  discrepancy 
In  the  actual  and  assumed  nuc lea lion  particle  density  distributions 
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Figure  60.  Comparison  of  Predicted  Extinction 
to  Yates  aud  Taylor  Extinction  Coef 
Measured  in  a  5.5  km  Sea  Level  Path 


re  61.  Comparison  of  Predicted  Extinction  Co< 
to  Yates  and  Taylor  Extinction  Coeffi< 
Measured  in  a  16.25  km  Sea  Level  Path 


23.3  32  16.25  0.10  8.00-11.0  95.8  84.9  -11.4 

8.50- 11.5  96.1  84.0  -12.6 

8.50- 11.0  95.4  83.3  -12.7 

8  85-9.35  90.6  83.0  -8.4 


can  lead  to  large  discrepancies  in  the  shape  of  the  spectral  extinction 
coefficient  functions.  The  differences  between  measured  and  estimated 
transmission  for  reference  samples  2,  3  and  6  are  almost  all  within 
the  experimental  error  of  the  original  measured  data.  The  lest 
column  of  Table  VII  is  relative  discrepancy  in  the  estimate  of  total 
atmospheric  absorption. 

One  possible  reason  for  discrepancy  in  the  results  may  be  the  water 

30 

vapor  normalization  used  by  Altshuler  .  He  used  Yates  and  Taylor 
run  70  data  (reference  sample  3  in  this  appendix)  to  normalize  the 
.»ater  vapor  absorption  curves  9.1  to  13  micrometers.  He  removed  the 
aerosol  contribution  to  absorption  in  the  data  by  assuming  a  uniform 
"scattering"  coefficient  of  O.C3/km.  Figure  60  indicates  that  the 
actual  extinction  coefficient  is  definitely  sloping  downward  as  a 
function  of  wavelength.  The  estimating  techniques  in  this  paper 
would  indicate  a  normalizing  extinction  coefficient  of  0.013/km 
might  be  a  better  estimate.  Hid  an  extinction  coefficient  of 
0.015/km  been  used,  then  the  discrepancies  shown  for  the  longer 
wavelength  bands  in  the  last  column  of  Table  VI 1  would  be  smaller. 

The  data  for  lefermce  samples  3  and  6  were  measured  on  the  same 
day,  yet,  two  wioeiy  different  nucleation  distribution  ratios  are 
indicated.  This  implies  that  the  distribution  of  condensation 
nuclei  can  change  radically  over  short  distances  in  time  and  space. 

The  combined  fit  for  \  ,  *  micrometer  band  data  vs.  8  to  14 

micrometer  band  data  for  reference  samples  3  and  6  could  have  been 
improved  by  abandoning  the  extinction  coefficient  slope  criteria;',  of 
Section  1.1.6  and  increasing  the  nuc leat i on  distribut ion  ratio  above 
0.60  for  reference  sample  i  and  reducing  it  bel  >w  0.05  for  reference 
sample  6. 
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The  largest  difference  in  measured  and  estimated  attenuation  is  in 
the  high  humidity,  16.25  km  path  sample.  This  discrepancy  is 
unfortunate  since  this  is  the  case  of  especial  interest.  Very 
little  data  is  available  for  this  type  of  circumstance  and  not  ail 
which  has  been  reported  in  the  literature  has  been  reduced  for  eauy 
comparison. 

There  are  many  possible  causes  for  the  discrepancies  in  Table  VII. 

The  assumed  nucleation  particle  distribution  may  be  incorrect,  there 
may  have  been  measurement  errors  in  the  original  data  due  to  the 
high  attenuation  in  the  path,  or  the  assumed  particle  growth  rate 
water  accretion  with  increasing  relative  humidity  may  be  incorrect,  etc. 
Additional  comparison  with  field  data  would  be  required  to  indicate 
the  correct  answer. 

1.1.8  COMPOSITION  OF  THE  ESTIMATE 

The  relative  importance  of  each  component  of  the  total  tranSA*' s 'ion 
estimate  is  ^iven  in  Table  VIII.  Tin:  t«ble  shews  clear  air  absorption 
for  each  sample  and  band  limit  based  Altshuler 1 s  metnod.  The 
aerosol  extinction  assumes  that  there  1  no  gas  or  water  vapor 
absorption,  i.e.,  it  is  pure  aerosol  extinction.  Aerosol  absorption 
ind'oates  the  fraction  of  the  incident  energy  on  the  aerosol  particles 
in  the  path  which  is  directly  absorbed  by  the  liquid  water  in  the 
particle.  The  ratio  is  aerosol  absorption  to  total  aerorol  extinction 
mev  be  obtained  by  dividing  aerosol  absorption  given  in  Table  VI I I 
by  the  corresponding  aerosol  extinction.  Fo.*  the  two  long  path  cases, 
the  portion  of  the  total  transmission  represented  by  aerosol  extinction 
: c  quite  large,  particularly  in  reference  supple  7  where  the  relative 
humidity  is  high. 
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COMPOSITION  OF  ESTIMATED  AVERAGE  ATTENUATION 


1.1.9  CONCLUSIONS 


This  Appendix  has  compared  atmospheric  attenuation  estimates  computed 
by  relatively  unsophisticated  t<  chniques  with  fieH  measured  data  and 
found  remarkably  good  agreement.  The  agreement  is  sufficiently  good 
to  provide  a  base  for  estimating  infrared  equipment,  performance  under 
adverse  environmental  conditions  --  but  without  log  —  through 
approximately  horizontal  paths  near  sea  level.  The  results  have  also 
tended  to  confirm  Barnhardt  and  St^eete's  contention  that  most 
nuc lest  ion  particle  density  distributions  can  be  thought  of  as  a 
combination  of  two  limiting  distributions,  a  continental  distribution 
and  a  maritime  distribution.  The  high  aerosol  absorption  near 
10  micrometers  emphasizes  Carton's  thesis  that  this  contributor  to 
signal  energy  loss  is  underrated  by  ratst  workers  in  infrared. 

The  results  show  that  relative  numidity  is  as  important  as  absolute 
humidity  for  estimating  infrared  transmission. 

The  shapes  of  the  spectral  extinction  r urves  have  been  very  instructive. 
They  indicate  that  aerosol  extinction  at  2  micrometers  and  10  micrometers 
can  be  equal  -•  or  very  u  fferetu.  They  also  indicate  that  aerosol 
extinction  at  about  10  micrometers  under  "clear"  conditions  is  little 
affected  by  the  particle  distribution. 

The  very  steep  increas*  in  aerosol  extinction  it  wavelengths  longer 
than  approximately  li  micrometers  may  explain  why  cite  spectral  band- limit 
optimization  predictions  based  o.i  field  measured  da. a  tend  to  be  near 
9  to  11  micrometers  while  those  based  on  gas  and  water  vapor  absorption 
only  tend  to  have  a  "soft"  long  wavelength  limit. 

The  n  suits  also  indicate  the  need,  direction  and  technical  requirements 
for  future  field  measurement s  o|  atmospheric  attenuation  over  h>rizontal, 
near  *ea  level  paths. 
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1.1.10  EQUATIONS  FOR  ESTIMA1 ING  AEROSOL  EXTINCTION  AND  ABSORPTION 


1.  Equawion  of  nucleation  particle  distribution  (Ref.  34) 
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where 
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the  total  number  of  particles  in  an  interval  dr  at  a 
particle  radius  rQ,  cm“^  •  p,m“ ^ c 

nucleation  particle  radius,  micrometers 

Fraction  of  particles  from  continental  distribution 
Fraction  of  particles  from  continental  distribution  + 
(1  -  fraction  continental)  particle  in  maratime 
distribution 


2.  Growth  factor  due  to  relative  humidity  (Ref.  34) 
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where 


F 


R.H. 


particle  growth  factor  due  to  accretion  of  water 
relative  humidity,  percent 


3.  Particle  index  of  refraction  (Refs.  34,  36,  38) 


n(X)  -  1.54  +  nw(X)  ln(l  +  j—)  (135) 

n'(X)  "  i/(X) 
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where 


n(X)  *  real  index  of  particle  at  wavelength  X 
n^(X)  =  real  index  of  water  at  wavelength  X 

1.54  «  assumed  real  index  of  nucleation  particle 

n'(X)  =  imaginary  index  of  particle  at  wavelength  X 

n^(X)  *  imaginary  index  of  water  at  wavelength  X 

X  *  wavelength  of  radiant  energy,  micrometers 

4.  Spectral  extinction,  absorption,  and  scattering  coefficients 
(Ref.  36) 
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where 


C 


ext 


o  a  ,  and  a 
ext  abs  scat 

(r,  X)  and  Cflbs  (r,  X) 


extinction,  absorption,  and  scattering 
coefficients,  respectively,  km*1 

effective  extinction  and  absorption  cross 
sections,  respectively,  to  radiation  of 
wavelength  X  of  a  par tic  2 >  of  radius  r,  ^m2 

factor  to  convert  units  of  a  to 

•3  -1  2  1a-3 

cm  •  pLm  x  p,m  x  (j,m  x  10 


5.  Extinction  and  absorption  cross  section  approximations  (Ref,  36) 
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6.  Corrections  to  cross  section  approximations  (Refs.  35,  37) 
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7.  Attenuation  due  to  extinction,  scattering  or  absorption, 
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where 

A  -  fraction  of  initial  signal  attenuated 
R  ■  range,  km 

^1*  ^2  "  wavelcn8t^  band limits,  micrometers 
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APPENDIX  II 


COMMENTS  ON  RESOLUTION 


II.l  INTRODUCTION 

The  following  paragraphs  discuss  the  concept  of  resolution  and  show  how 
resolution  is  treated  analytically. 

Historically  (Rayleigh)  resolution  implies  the  ability  to  separate  two 
closely  spaced  point  targets.  High  resolution  means  they  can  be  sep¬ 
arated  when  close  together  and  the  resolution  number  (e.  g.»  0.25  mrad) 
is  meant  to  indicate  hew  far  apart  two  point  sources  must  be  to  be  iden¬ 
tified  as  two  separate  targets.  This  type  of  definition  had  some  mean¬ 
ing  when  viewing  bright  sources  with  the  eye  aided  only  by  optics  and  as 
people  began  using  optics  for  imaging,  high  resolution  became  synonymous 
with  good  image  quality.  (Image  quality  is  the  subjective  measure  that 
a  picture  looks  good.) 

As  systems  become  more  in /rived  using  film,  image  tubes,  and  electronics, 
the  limitations  in  dynamic  range  and  the  ability  to  arbitrarily  adjust 
clipping  level,  etc.,  made  this  definition  lose  value.  In  truth,  if  two 
point  sources  of  low  intensity  (nonsaturating)  had  been  used  with  the 
system  and  adjusted  for  good  unclipped  noise,  a  meaningful  measure  of  noise 
limited  resolution  probably  would  have  evolved.  Instead,  early  resolution 
measurements  were  made  to  make  equipment  look  good  and  used  high  intensity 
sources.  Apparently,  as  a  result,  it  wan  decided  that  for  the  early  IR 
imaging  systems,  where  it  was  easy  to  build  optics  so  good  that  the  detec¬ 
tor  aperture  limited  the  resolution,  the  resolution  should  be  the  detec¬ 
tor  size.  While  two-point  sources,  one  detector  width  apart,  can  never 
be  resolved,  this  would  be  a  theoretical  limit.  As  the  system  began  to 
have  higher  performance  demands,  the  optics,  electronics,  and  display 
began  to  have  more  effect  than  the  detector,  but  the  detector  size  was 
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still  the  accepted  definition.  In  this  case,  the  detector  subtense  had 
little  to  do  with  image  quality,  abiHty  to  detect,  or  resolution  by  old 
definitions,  but  it  still  persisted. 

The  film  people,  meanwhile,  had  gone  away  from  point  sources  for  practi¬ 
cal  reasons  and  were  concentrating  on  the  AF  standard  three-bar  chart; 
measuring  resolution  as  the  bar  spacing  for  the  smallest  bars  that  could 
be  resolved  by  an  observer.  Some  experimenters  (Ref.  39)  were  measuring 
limiting  resolution  for  different  input  signal  strengths  (contrast)  and 
thereby  obtaining  a  measure  of  required  signal  for  resolution  versus  bar 
size  or  spatial  frequency. 

As  part  of  the  TV/film  effort,  0.  Schade  war  developing  a  complete  theory 
cf  analysis,  prediction,  and  measurement  based  upon  operation  in  the 
spatial  frequency  domain.  He  defined  &  function  which  related  the  input/ 
output  amplitude  response  as  a  function  of  frequency  (normalized  to  low 
frequencies)  as  the  sine  wave  response  function.  This  since  has  been 
defined  as  the  modulus  of  the  Fourier  transform  of  the  line  spread  func¬ 
tion  and  called  the  modulation  transfer  function(MTF) . 

Schade  discussed  spatial  integration,  noise  in  the  image,  and  signal 
response;  rigorously  showing  how  "limiting  resolution"  could  be  predicted 
for  different  target  strengths  and  different  systems. 

II. 2  DEFINITION  OF  RESOLUTION 

As  an  outgrowth  of  his  analysis  and  experimentation,  Schade  (Ref.  4) 
defined  for  the  National  Bureau  ol  Standards  a  summary  number  to  indi¬ 
cated  Image  quality  and  therefore  resolution.  This  was  defined  as  the 
equivalent  (noise)  bandwidth  (N^)  of  the  (optical)  system;  * 

2  J*  (MTF)^df.  Resolution  was  then  defined  as  1/N^. 
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A  number  of  parameters  exist  with  potential  for  defining  the  resolution 
of  a  complete  system.  Some  are  defined  for  the  space  domain  and  others 
in  terms  of  the  blur  function  or  an  equivalent  aperture  (diameter)  for 
the  blur  function.  If  the  complete  function  is  not  used,  then  repre¬ 
sentative  values  such  as  the  90  percent  point  or  50  percent  point  on  the 
point  or  line  spread  function  or  the  one  sigma  radius  of  an  approximate 
Gaussian  spot  are  considered.  In  the  spatial  frequency  domain,  w„  have 
the  MTF  curve  and  derivatives. 

The  space  domain  parameters  have  the  advantage  that  they  have  intuitive 
meaning  (impulse  response  function).  By  just  looking  at  ^  spread  func¬ 
tion,  most  engineers  have  a  feel  for  the  resolution  (r)  image  quality  of 
the  device.  Unfortunately,  the  analysis  which  predicts  blur  is  not  as 
easy  as  the  equivalent  frequency  analysis.  In  addition,  when  the  ope^a- 
or  was  used  as  the  measuring  device,  he  was  more  accurate  at  determining 
the  highest  frequency  he  could  resolve  than  estimating  biur  diameters. 
With  the  increased  availability  of  good  microphotometers,  the  measure¬ 
ment  of  the  line  spread  function  is  so  standard  it  makes  one  ask:  "Why 
not  use  It  as  the  primary  measure?" 

The  frequency  domain  parameters  all  stem  from  the  MTF  which  is  an  ex¬ 
tremely  convenient  analytical  tool,  has  been  measured  by  many  (contro¬ 
versial)  techniques  relating  system  relative  response  to  various  input 
(spatial)  frequencies,  and  is  analogous  to  the  frequency  response  trans¬ 
fer  functions  used  in  electrical  engineering  for  years. 

The  parameter  mort  often  used  is  one  point  on  the  MTF  curve;  the  limiting 
resolution  (this  point  is  about  the  5  to  10  percent  point).  No  one  point 
nn  an  MTF  curve  is  meaningful  unless  comparing  curves  of  the  same  shape, 
and  then  any  unique  point  is  an  Indicator.  For  example,  the  fact  that 
one  MTF  curve  has  a  zero  point  at  a  single  frequency  while  another  is  10 
percent,  docs  not  in  itself  indicate  that  the  response  of  either  system 
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to  a  single  small  target  corresponding  to  that  frequency  would  be  better 
or  worse.  The  response  to  a  line  source  is  the  inverse  Fourier  trans¬ 
form  of  the  MTF  (actually  OTF)  and  depends  mostly  on  the  characteris¬ 
tics  of  that  pnrt  of  the  MTF  curve  which  approaches  unity.  If  the  MTF 
drops  sharply  at  low  frequencies  and  then  maintains  seme  level  - 
renormalizing  may  be  called  for. 

Fink  (Ref.  40)  recommends  that  for  the  limiting  resolution  you  choose 
the  frequency  where  tne  observer  first  starts  to  see  a  loss  in  response, 
not  the  point  he  can  just  see  under  some  conditions.  Fink's  suggestion, 
as  well  as  the  70  percent  point  tend  tc  measure  the  size  of  the  flat 
region  of  tne  MTF  or  the  bandwidth  of  the  system.  No  one  would  consider 
specifying  electronic  amplifiers  by  the  10  percent  response,  but  the 
bandwidth  or  3  db  (70  percent  voltage)  point  is  common.  The  area  under 
the  MTF  curve  and  the  area  between  the  MTF  and  eye  demand  function  have 
been  recommended  as  summary  numbers  similar  to  bandwidth.  Schade  (Refs. 
40  and  41)  recommends  the  equivalent  noise  bandwidth  (N^)  which  is  the 
integral  of  the  square  of  the  MTF.  The  equivalent  aperture  or  the 
reciprocal  of  Ng  (in  number  of  lines)  is  the  definition  of  resolution 
coauthor  R.L.S*  has  accepted  when  a  single  number  is  needed  to  describe 
the  resolution  of  a  well  behaved  system. 

There  are  many  reasons  for  choosing  N  and  ~  *  r.  First,  Schade  and 

c  ^e 

other  references  (Ref.  42)  indicate  that  for  noise-free  pictures, 
correlates  with  image  quality  so  long  as  the  total  MTF  curve  is  monoton- 
ically  nonincreasing  or  at  least  well-behaved  (smoothly  increasing  or 
decreasing) . 

P.  G.  Roetling  (Ref.  43)  proved  that  N  if  the  frequency  domain  cqui- 

e 

valent  of  acutance  which  the  optical  people  have  claimed  correlates  with 
image  quality  for  t  number  of  years  (Ref.  44).  Many  references  (19-20) 


*Co*uthor  F.A.R.  refuses  to  accept  a  single  number  for  an  indication 
of  resolution  under  any  circumstance. 


248 


have  shown  that  image  quality  correlates  with  the  ability  of  interpre¬ 
ters  to  find  targets,  i.e.,  probability  of  recognition.  The  coauthor, 
R.L.S.,  showed  (Ref.  11)  that  the  probability  of  detection  is  a  func¬ 
tion  of  Nfi. 

As  a  tie  to  the  past  (and  a  heuristicaily  pleasing  fact)  for  an  IR  system 
with  only  the  square  detector  limiting  the  MTF,  r  equals  the  detector 
angular  subtense.  In  addition,  it  will  be  shown  that  r  ■  1/N  is  a  con¬ 
venient  analytical  tool. 

Also,  it  has  intuitive  meaning  by  its  relationship  to  correlation  or 
dependence  area  (length).  If  a  random  scene  is  input  to  an  imaging 
system,  the  system  filters  the  scene  and  close  points  are  correlated. 

The  degree  of  correlation  is  predicted  by  the  autocorrelation  function 
of  the  filtered  random  scene  and  is  equal  to  the  inverse  Fourier  trans¬ 
form  of  the  square  of  the  system  OTF.  This  can  often  be  characterized 
by  1/N^  which  is  about  the  50  percent  correlation  width. 

II. 3  RESOLUTION  AS  AN  ANALYSIS  TOO!. 

Schade  (Ref.  3)  indicated  that  the  equivalent  bandwidth  (in  lines/mrad 
(N)  rather  than  cycles/mrad  (f))  and  equivalent  aperture  (resolution  of 
a  component  of  a  system  was  calculated  by 

Nec  "  J  (MTF)2  ds  *  2  (MtF)2  df  (J.40) 


and 


*c  *  1/Nec  (141) 

where  the  subscript  c  implies  component.  Furthermore,  the  system  band¬ 
width  and  resolution  would  be  calculated  in  a  similar  manner.  If  a  sys¬ 
tem  is  composed  of  cascading  components  which  are  linear,  and  space 
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Invariant,  then  Fourier  analysis  applies  and  the  OTF  of  the  system  is 
the  product  of  the  component  OTFs.  While  this  is  the  correct  method 
of  treating  resolution,  a  convenient  approximation  is  suggested  and  dis 
cussed  by  Schade.  He  shows  that  for  well-behaved  functions 

2  — *  2 

(1/Ne  total)  -4ll  c(iT^) 


or 


i r 

\  sys 


where 


N  toti\l 

e 

■  the  total  system  bandwidth 

N 

ec 

■  component  bandwidth 

r 

•*  total  system  resolution 

sys 

rc 

■  component  resolution 
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APPENDIX  III 


COMMENTS  ON  SPATIAL  FREQUENCY,  FOURIER  TRANSFORMS  AND  MTF 

111.1  INTRODUCTION 

The  concept  of  special  frequency  is  a  useful  concept  but  can  be  confus¬ 
ing  when  first  encountered.  This  is  complicated  by  the  fact  that  authors 
switch  unit*  at  their  slightest  whim.  This  appendix  will  try  to  clarify 
the  concept  of  spatial  frequency  and  Indicate  why  different  units  are 
used. 

111. 2  DEFINITION 

If  any  characteristic  such  as  exitance  varies  in  a  repetitive  manner 
over  a  surface,  it  is  said  to  have  a  spatial  frequency.  If  it  is  vary¬ 
ing  in  only  one  direction  and  is  varying  sinusoidally  with  the  distance 
in  that  direction,  it  is  said  to  be  a  one  dimensional  sinusoidal  pattern 
of  a  particular  spatial  frequency.  Similar  comments  can  be  said  for  bar 
charts  in  terms  of  square  waves  of  a  particular  spatial  frequency. 

111 .3  FOURIER  TRANSFORMS  AND  MTF 

3y  a  rather  beaut ifui  analysis  Fourier  showed  t  at  any  function  can  be 
uniquely  described  either  by  its  value  as  a  function  of  the  Independent 
variable  (say  x)  or  by  a  sum  of  sinusoidal  variations  of  different  fre¬ 
quency  (k)  and  phase.  Given  a  function  r(x)  the  equivalent  frequency 
representation  would  be  its  Fourier  transform  R(k). 

In  the  perfect  imaging  sensor,  a  point  object  has  a  point  image  on  the 
display;  in  short,  all  images  are  transmitted  through  the  sensor  with 
perfect  fidelity.  In  real  sensors,  the  images  at  the  display  may  be 
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distorted  In  amplitude,  shape,  or  phase  (position),  or  all  three. 

These  distortions  are  due  to  finite  imaging  apertures  such  as  the 
objective  lens,  any  fiber-optic  faceplates,  geometrical  defocusing, 
electron  scanning  beams,  finite  detector  aperture,  electrical  band¬ 
width  limitations,  etc.  The  effect  of  these  apertures  is  to  smear 
image  detail  in  a  manner  analogous  to  the  filtering  of  electrical 
signals  by  electrical  filter  networks.  This  analogy  can  be  put  to 
good  use. 

To  illustrate  the  effect  of  apertures,  consider  the  point  source  object 
of  Figure  62.  Due  to  diffraction,  chromatic  and  geometric  aberrations, 
and  imperfect  focusing,  the  point  will  be  imaged  by  the  lens  as  a  blur. 
Similarly,  a  line  source  is  imaged  as  a  line-spread  function  as  shown 
in  Figure  62.  The  line-spread  case  corresponds  most  directly  to  the 
case  most  commonly  encountered  in  communications  systems,  wherein  the 
signals  vary  only  in  amplitude  and  time.  Where  an  image  is  very  long 
in  one  dimension  compared  to  the  other,  it  can  usually  be  considered  a 
one- dimens tonal  image,  varying  only  in  intensity  In  a  single  spatial 
dimension. 

In  any  event,  we  will,  for  the  moment,  consider  an  aperture  to  be  analog¬ 
ous  to  a  linear  electrical  filter,  except  that  it  may  be  two-dimensional. 
Where  two  dimensions  are  involved,  we  will  initially  assume  that  the  two 
dimensions  a^e  either  independent  (so  th«t  they  can  be  treated  separ¬ 
ately)  or  that  they  possess  radial  symmetry  (so  that  they  become  essen¬ 
tially  one -dimensional  in  character).  Hany  of  the  apertures  thet  appear 
In  nature  ave  found  to  have  a  response  to  several  input  stimuli  acting 
simultaneously  that  is  identical  to  the  sum  of  the  responses  that  each 
stimulus  would  produce  individually.  A  system  of  this  type  is  a  linear 
.system.  The  property  of  linearity  leads  to  an  enormous  simplification  in 
mathematical  description  of  such  phenomena.  In  particular,  it  becomes 
possible  to  decompose  complicated  input  signals  to  simpler  signals  lor 
vhicn  tha  system  response  is  known  and  then,  to  find  the  total  response 


by  summing  the  individual  responses  in  linear  combination.  Furthermore, 
we  can  then  use  Fourier  analysis  in  which  signals  are  decomposed  to  sine 
and  cosine  waves. 

The  statement  of  linearity  implies  that  the  system  response  to  any  sti¬ 
mulus  can  be  described  by  the  solution  to  some  appropriate  set  of  simul¬ 
taneous  linear  differential  equations.  The  restriction  to  constant  coef¬ 
ficients  rules  out  consideration  of  linear  systems  t?lth  time  or  space- 
varying  parameters,  but  it  permits  us  to  apply  the  principle  of  super- 
poeitlon. 

in  general,  the  linear  systems  we  will  deal  with  are  considered  to  be 
space  and  time  invariant  (sometimes  called  isoplaratic) .  By  this,  it  is 
meant  that  the  system  impulse  response  (x^,  y^,  f  >|  )  depends  only  on 
the  distances  (x^-F),  (y^  -11)  in  which  case 

ro  <xl*  yx*  5.  T|)  ‘  r0  -Tt>  d*2) 

In  the  case  of  an  imaging  system,  it  is  said  to  be  space  invariant  if 
the  Image  of  a  point  source  changes  only  in  position,  but  not  in  func¬ 
tional  form,  as  the  image  moves  about  the  image  plane.  In  a  televi¬ 
sion  sensor,  this  would  Imply  that  corner  resolution  it  the  same  as 
center  resolution.  This  is  seldom  ri.e  case,  but  lor  analytical  purposes, 
we  can  divide  the  image  plane  into  small  areas  (or  Isopianatic  patches) 
within  whlcn  tne  system  is  spatially  invariant.  The  assumption  of  line¬ 
arity  results  In  many  simplifications. 

To  proceed,  we  have  observed  that  image  signals  in  passing  through  a 
tensor  may  be  distorted  by  the  various  optical  elements  and  reimaging 
steps  involved.  Depending  on  the  degree  and  nature  of  the  distortion, 
signal  strength  may  be  degraded.  To  analyse  these  signal  effects,  we 
assume  that  the  sensory  system  is  linear  in  the  interval  of  interest. 
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Further,  as  we  previously  noted,  we  assume  that  both  the  input  signal 
f(x>  y)  ar.d  the  system  impulse  response  rQ(x,  y)  are  functions  of  inde¬ 
pendent  variables  x  and  y  and  are  separable.  In  this  case,  we  can  draw 
the  block  diagram  of  Figure  63  to  represent  the  signal  processes.  As 
we  have  previously  observed,  the  assumption  of  separability  permits  us 
to  write  the  arbitrary  functions  g(x,  y)  as 

g(x.  y)  =  g^x)  •  gy(y)  (143) 

and  its  Fourier  transform  as 

F  {g(x,y)3  ■  F  {g(x)}  F  {g(y) }  (144) 

x  y 

Therefore,  the  transform  is  separable  into  a  product  of  two  factors, 
one  a  function  of  f(x)  only,  and  the  second,  a  function  of  f(y)  only. 
Thus,  the  process  of  two-dimensional  transformation  simplifiers  to  a 
succession  of  more  readily  calculated  and  manipulated  one-dimensional 
transforms. 

In  Fourier  analysis,  it  is  convenient  to  employ  a  certain  set  of  test 
signals  known  as  the  singularity  test  functions.  The  most  useful  input 
singularity  function  is  the  unit  area  (or  volume)  impulse  already 
described  as  a  point  image  ^x,  y).  The  system  response  for  this  input 
is  designated  rQ(x,  y).  The  Fourier  transform  of  the  impulse  response 
is  designated  R  (u^,  uu  )  and  is  known  as  the  complex  steady-state  fre¬ 
quency  response.  The  usefulness  of  R  (ou  ,  wu  )  is  that  for  systems  with 

ox  y 

apertures  that  are  independent  in  x  and  ,  the  response  can  be  measured 
through  use  of  sinevave  image  patterns  as  the  input.  The  output  signal 
amplitude  is  then  measured,  and  a  plot  of  these  amplitudes  'as  the  pat¬ 
tern  frequency  is  varied)  represents  the  magnitude  of  R^C^)  or  R^(^  ). 
This  function  is  variously  known  as  the  sinewave  response  or  the  modula¬ 
tion  transfer  function  (MTF). 
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f(«,y) 


LINEAR  SYSTEM 


The  MTF  or  modulation  transfer  function  is  the  primary  method  of  des¬ 


cribing  the  loss  of  resolving  power  due  to  finite  sensor  apertures. 

(See  Figure  64.)  MTF,  in  the  communications  sense  is  synonotnous  with  the 
magnitude  of  the  sensor* s  complex  steady-state  response  Rq(u))  where 


V“)  = 


R0(“>l 


exp 


[  j  0(u>)  J 


(145) 


In  the  above,  0(a))  represents  a  phase  or  position  shift  and  has  been 
d2signated  by  the  international  Commission  for  Optics  (ICO)  as  the 
phase  transfer  function.  The  ICO  also  refers  to  R  (uu),  the  complex 
steady-state  response  as  the  optical  transfer  function  which  seems  only 
partially  appropriate  to  sensors.  The  ICO  rscommends  changing  the  word 
function  to  curve  when  referring  to  curves  representing  the  functions. 
Also,  for  specific  values  of  the  function  at  a  given  frequency,  the 
word  function  is  replaced  by  factor;  e.  g.,  the  modulation  transfer 
factor. 


MTF  is  also  synonymous  with  sine  wave  amplitude  response.  In  the  test¬ 
ing  of  sensors,  sine  wave  amplitude  response  can  be  directly  measured 
although  the  machinery  required  can  be  quite  complex  and  costly.  Thus, 
in  current  ;  -actice,  it  is  more  usual  to  employ  bar  patterns  in  making 
tests.  The  quantity  measured  is  then  the  square  wave  amplitude  response 

j  R  ( uu) |  .  If  R  (a;)  is  known,  then  Rcn(a))  can  be  determined  directly 
SQ  o 

from 

RSQ<U,)  “  (146) 

where  Sq(o))  is  the  Fourier  spectrum  of  a  square  wave  wavetrain. 
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III. 4  UNITS  OF  SPATIAL  FREQUENCY 


If  the  spatial  coordinates  are  length  such  as  millimeters  then  the 
natural  units  for  spatial  frequency  are  cycles  per  millimeter.  His¬ 
torically,  people  have  preferred  to  think  in  terms  of  line  pairs  per 
millimeter.  In  photography  where  the  size  of  the  film  could  be  varied 
and  the  fineness  of  the  grain  was  of  interest,  lp/mm  was  indeed  the  logi¬ 
cal  unit. 

For  optical  lenses  lp/mm  at  the  focal  plane  is  also  a  logical  unit. 
However,  if  a  lens  is  used  as  a  telescope  then  the  interest  is  what 
angular  variations  in  object  space  can  be  resolved  and  cycles  per  mrad 
or  line  pairs  per  mrad  are  the  most  useful.  Of  course,  the  focal  length 
of  the  lens  quickly  converts  one  spatial  frequency  unit  to  the  other. 

For  IR  image  systems,  which  are  treated  like  a  total  telescope,  cycles 
per  mrad  were  also  chosen  as  the  most  natural. 

For  radiometry  ot  distant  scenes  such  as  sky  backgrounds  and  the  like, 
the  only  sensible  unit  was  cyclc/angle,  e.  g.,  cycles  per  mrad. 

For  a  photosurface,  cycles  per  millimeter  at  first  appears  logical. 

Since,  however,  there  are  going  to  be  many  images  in  the  system  all 
with  different  scale  factors,  e.  g.,  an  optical  image  on  an  inte^sifier 
reimaged  onto  a  different  sized  vidicon  ar.d  then  displayed  on  a  large 
display,  a  confusion  of  units  could  get  involved.  The  answer  has  been 
to  introduce  lines  per  picture  height.  Using  picture  height  as  the  nor¬ 
malizing  factor,  the  effect  of  each  component  can  immediately  be  compared 
with  all  others  and  the  componant  MTF’s  can  be  a  chai acteristic  of  the 
component  yet  still  directly  multiplicative  with  all  other  component 
MTF's.  If  you  convert  to  angle,  the  numbers  only  relate  tc  that  system. 
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It  is  recommended  that  f  be  used  for  temporal  frequency  (Hz)  and  k  be 
used  for  spatial  frequency  either  lp/mm  or  Ip/mrad,  and  that  N  be  used 
for  spatial  frequency  in  lines  per  picture  height  (or  width  shown  by 
subscript).  N  can  be  either  for  an  angular  picture  height  or  a  linear 
picture  height  with  equal  success. 

It  is  anticipated  that  the  largest  confusion  results  from  the  choice 
of  lines  rather  than  line  pairs.  Part  of  the  justification  for  lines 
may  have  been  a  confusion  or  interest  in  TV  (raster)  lines  rather  than 
discussing  line  pairs.  In  any  case.  TV  people  tend  to  work  in  TV  lines 
or  just  lines  and  an  error  of  a  factor  of  two  is  often  the  result  when 
they  mix  with  other  fields  reporting  in  line  pairs  or  conversely. 


APPENDIX  IV 


THE  RELATIONSHIP  BETWEEN  AT  AND  AH 
FOR  AN  IMAGING  SYSTEM 


IV. 1  INTRODUCTION 

l 

The  signal  for  an  IR  imaging  system  is  caused  by  the  variations  in  the  j 

irradiance  (AH)  on  the  entrance  aperture  of  the  system.  While  these  ] 

variations  may  be  caused  by  other  phenomenon  (reflections),  it  is  con¬ 
venient  and  historically  meaningful  to  consider  them  to  be  caused  by  tha 

i 

variations  in  temperature  (AT)  of  blackbody  sources.  In  the  laboratory, 
targets  can  be  constructed  and  used  at  short  ranges  so  that  analysis 
based  upon  AT  predicts  the  results.  In  the  field,  systems  with  the 
same  spectral  response  can  be  compared  based  upon  relative  AT  per¬ 
formance  and  indeed  historically  a  feeling  for  the  required  AT  per¬ 
formance  has  become  established  although  the  apparent  AT  of  the  scene 
objects  varies  from  night  to  night,  season  to  season,  location  to 
location,  and  atmosphere  to  atmosphere.  Since  it  appears  that  what 
changes  from  time-to-time  is  *T  (and  indeed  we  know  this  is  the  driving 
function  by  observing  diurnal  effects  when  many  objects  reverse  their 
temperature  relative  to  ambient)  we  become  tuned  to  good  IR  and  bad  IR 
nights  based  upon  the  atmospheric  transmission  and  AT  we  would  expect 
from  natural  objects. 

IV. 2  ANALYSIS 

For  the  no  atmosphere  condition  the  viewing  a  lambertian  blackbody 
(emissivity  ■  1)  of  temperature  T,  the  spectral  irradiance  at  the  system 
aperture  can  be  related  to  the  spectral  oxitance  of  the  blackbody. 
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Parameter 


Definition 


Typical  Units 
micrometers 


X 


T 

W(X,T) 

6 


A 

R 

H(\,T) 


The  wavelength  of  the 
radiation 


The  temperature  of  the 
blackbody 

The  spectral  exitance 
of  a  blackbody 


Kelvin 

2 

watts /cm ’/micrometer 


The  field-of-view  over  mrads 

which  the  systems  is 
collecting  radiation 
usually  the  small  instan¬ 
taneous  field  of  view  of 
the  sensor  defined  by  the 
detector 

2 

The  area  of  the  collecting  cm 
aperture 


Range  from  the  sensor  to  cm 

the  target 

2 

The  spectral  irradiance  watts/cm  /micrometer 

on  the  aperture  from 

within  a  system  field  of 
view  of  1 


Assuming  small  angles  for  1 ,  the  area  of  the  blackbody  contributing 
2 

photons  is  (R5)  and  the  solid  angle  subtended  bv  the  system  optics  is 

2 

(A/R)  .  Therefore,  with  a  lambertian  source  of  temperature  T 


H  ( \  *  T  ) 


XLjJI  5  2 


(147) 


The  signal  to  be  generated  is  the  result  of  varying  the  temperature 
of  the  source  from  T  to  T  +  ATor  equivalently  to  viewing  a  separate 
source  of  T  +  AT  and  noting  the  change  in  H(\,T),  AH(\,T).  Since 
W(\,T)  is  a  Continuous  function  of  T  given  for  a  blackbody  by  the 


Planck  function 


WftjT) 


2tt  he 
5,  hc/\kT 


(148) 


where: 


Parameter 


Definition 


Planck's  Constant 
. -34 


Units 
,  2 


watt/sec 


6.62  x  10 


Velocity  of  Light  * 
3  x  1010 


cm/sec 


Boltzman's  Constant 
. -23 


watt /-sec/K 


1.38  x  10 


The  change  in  W(\,T),  for  a  small  change  in  T  by  assuming  small  incre¬ 
mental  values  for  the  differential  can  be  directly  calculated.  That  is 


£W(\,T)  **  dW(\,T)  -  dt  AT 

-T  oT 


(149) 


or  equivalently 


AW(\,T)  -  W (\ ,T)AT 


(150) 


where 


W./X  T)  =  «iLl>  =  Irtic_  e 

W  3T  5  /_hc/\kT  ,,2 


he 


(e  '  -i)  XkT 


(151) 


hc/XkT 


US.  /  , 

W(X,T)  =  W(X,T)  - fTXhr—  -3 

e  -1  AkT 


which  for  values  of  interest  near 
given  by 


-  10M*  1  T  =  300'JK  is  approximately 


W,(\,T)  -  W(\,T) 

XkT 


. .  1.44  x  10 

fts  W(X  ,T)  2 


(152) 


\T 


IV. 3  CONCLUSION 


Accurate  calculation  of  W(  ,T)  is  tedious  without  a  computer 

therefore  Figures  61  and  62  are  considered  useful.  Figure  65  presents 

W 1  (*. , T )  vs  wavelength  for  a  300K  hlackbody.  Figure  66  presents 

W'(10,T)  (normalized  to  W'  (10,  JU0)>  vs  temperature.  From  Figure  65, 

it  can  be  seen  that  W*(  ,T)  for  a  system  operating  against  a  300K 

ambient  and  with  *  spectral  pass band  from  8.5  to  11 «5u  would  be 

-  5  2 

viewing  a  source  radiating  approximately  3  x  10  vat  s/cm  -st radian 
for  each  1  K  temperature  difference  near  300K.  For  a  typical  system 
with  an  instantaneous  field  of  vi-w  (*)  of  1  mrad ,  a  zero  atmosphere 
irradiance  of 


AH(\,T) 


-11  2 
10  watts /cm  per  K 


(153) 


264 


would  occur. 


Figure  66.  Normalized  W‘  versus  T  for  \  -  10u 


It  is  interesting  that  if  the  ambient  temperature  changes  10K,  AH(X.T) 
per  1  K  would  only  change  by  a  factor  of  10  percent.  (See  Figure  66). 
It  is  not  known,  however,  how  actual  ATs  of  interest  vary  with  ambient 
temperature.  Therefore,  they  may  compensate  for  this  condition  or 
aggravate  it.  However,  it  does  not  appear  very  significant. 


APPENDIX  V 


FLIR  SENSOR  PERFORMANCE  EQUATION  DERIVATION 
INDEPENDENT  OF  TV  ANALYSIS 


V.I  INTRODUCTION 

A  real-time  infrared  imaging  aenaor  is  an  electro-optical  ayatem  which 
optically  acana  the  inatantaneoua  field  of  view  of  a  detector  array 
over  the  total  field  of  view  of  the  aenaor  in  order  to  generate  video 
information.  While  the  detector  elementa  are  continuoualy  detecting 
the  total  radiation  received  in  their  fielda  of  view  aa  the  acene  ia 
scanned ,  they  are  ac  coupled  in  the  electronica  and,  therefore,  only 
variationa  in  the  energy  received  are  re presented  in  the  video  signal 
generated. 

By  synchronously  controlling  the  luminance  of  a  display  with  the 
detector  signals,  a  picture  ia  generated  where  the  variations  in 
luminance  represent  the  variations  in  received  power.  When  scanned 
at  15  to  30  frames  a  second, the  variationa  provide  a  real  time  picture, 
with  eaaentially  aero  storage,  which  ia  similar  to  the  daytime  scene. 

The  signal  ia,  therefore,  the  result  of  variationa  in  radiant  omittance 
of  one  area  of  the  acene  compared  to  another  which  could  be  caused  by 
either  differences  in  temperature  or  emiaslvity  (assuming  that  low 
emissivity  objects  reflect  a  different  temperature  area,  e.g. ,  the  aky). 
It  ia  convenient  and  historically  accepted  to  discuss  the  signal  as 
occurring  due  to  temperature  variations  only.  Assuming  bleckbody  radi¬ 
ation  and  tuall  signals  around  an  ambient  (usually  300K)  the  change 
in  spectral  tadlant  emlttance  is  proportional  to  the  change  in 
temperature. 


It  should  be  recognized  that  two  types  of  equations  and  parameters 
exist:  one  set  for  analysis  of  an  existing  system  and  the  other  set 
for  showing  tradeoffs  and,  therefore,  aiding  the  synthesis  of  a  system. 
The  following  analysis  is  to  develop  an  equation  to  aid  synthesis;  a 
much  more  straightforward  approach  with  interrelated  parameters  and 
providing  less  insight  would  be  used  for  analysis.  An  equation  for 
analysis  with  an  abbreviated  derivation  is  given  in  subsection  V.5. 

To  this  end,  an  equation  will  be  derived  between  various  parameters 
of  the  1R  sensor.  Then  the  parameters  will  be  grouped  to  show  the 
relationship  between  the  performance  of  the  sensor,  the  design  adjust¬ 
able  parameters,  the  design  efficiency  parameters,  and  the  parameters 
which  are  affected  by  the  choice  of  spectral  region. 

V.2  DEFINITION  OF  SYMBOLS 

The  following  set  of  parameters  will  be  used  throughout  this  analysis. 

A  number  of  the  parameters  (shown  below  with  an  *)  are  always  a  function 
of  either  wavelength,  X,  or  the  spectral  region,  (AX).  Spectral  values 
for  these  parameters  will  be  used  until  the  final  equations  and  then 
effective  values  over  a  aX  are  used  to  avoid  integrals  in  the  final 
result.  Since  it  will  also  be  obvious  which  is  intended,  no  subscripts 
are  added  and,  therefore,  the  same  symbol  may  represent  either  value. 

Or  *  field-of-view  of  the  sensor  in  the  direction  of  scan 

P  «  field-of-view  of  the  sensor  normal  to  the  direction  of 
scan 

a  *  instantaneous  f ield-of-view  of  a  detector  in  the  direc¬ 
tion  of  scan 

b  *  instantaneous  field-of-view  of  a  detector  normal  to  the 
direction  of  scan 

r  ■  resolution  of  the  sensor  in  the  direction  of  scan 

a 

r.  *  resolution  of  the  sensor  normal  to  the  direction  of  scan 
D 
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■■-asE 


★ 

★ 

* 


T 

F 

NET 


Af 

fi 

f/No. 

d 

n 

\ 

V 


1. 


-  the  average  time  between  scanning  points  is  the  FOV 
(including  aver  scan) 

=  frame  rate  of  the  sensor  equals  T  ;  not  flicker  rate 

=  sensor  noise  equivalent  temperature.  It  is  the  temper¬ 
ature  difference  between  two  large  targets  which  gener¬ 
ate  a  pt_r  frame,  per  detector  size  resolution  element, 
ri gnal-to-noise  ratio  of  unity  at  the  detector  output. 

It  is  determined  as  the  temperature  difference  between 
two  large  targets  which  will  provide  an  electrical  peak 
signal  at  the  detector  output  equal  to  the  rms  noise  in 
a  bandwidth  corresponding  to  the  detector  size.  This 

bandwidth  is  normally  dc  to  1/2T,. 

a 

=  the  detector  dwell  time,  the  time  that  an  image  point 
spends  on  a  detector 

=  noise  bandwidth  =  l/2Td  by  definition 

=  focal  length  of  IR  telescope 

*  f /number  of  IR  telescope 

*  diameter  of  the  IR  telescope  entrance  aperture 

■  number  of  independent  detector  elements  with  field  a  x  b 

*  resolution  efficiency;  the  effective  resolution  of  the 
sensor  in  relation  to  the  do tec tor  size 

*  the  ratio  of  entrance  pupil  diameter  to  entrance  aperture 
diameter,  aperture  efficiency 

*  optical  efficiency;  includes  both  normal  transmission 
losses  and  blocking  at  the  aperture  ston 

■  scan  efficiency;  the  (minimum)  dwell  time  of  the  sensor 
divided  by  the  maximum  dwell  time  possible,  i.e.,  the 
dwell  time  of  a  100  percent  duty  cycle  zero  turn-around, 
linear  scan 

■  cold  shielding  efficiency  for  background  limited  systems; 
the  degree  on  which  the  signal-to-noise  ratio  of  the 
sensor  : s  optimized  with  regard  to  shielding  agains;  un¬ 
wanted  background  photons 

*  quantum  efficiency  for  background  limited  systems;  the 
effective  quantum  efficiency  of  a  photodetector 

■  atmospheric  efficiency;  the  percent  transmission  over 
the  desired  range 

*  detector  detectivity;  with  the  final  shielded  detector 
receiving  radiation  as  it  would  in  the  actual  system 
(f/No.  comO,  D*  is  the  per  cycle  (electrical  bandwidth), 
per  unit  area  signal-to-noise  ratio  for  1  watt  input. 

It  is  assumed  that  the  S/N  is  inversely  proportional  to 
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the  square  root  of  the  detector  area.  D*  is  a  function 
of  the  electrical  frequency  of  test  as  well  as  the  optical 
frequency  of  test  (wavelength), 

*  D**  =  detector  detectivity  of  a  theoretically  perfect  detector 

of  unity  quantum  efficiency  receiving  2tt  steradians  of 
background  radiation. 

*  W  *  spectral  radiant  emittance  of  a  blackbody  of  temperature,  T 

V  *  dW/dT ,  the  partial  derivative  with  respect  to  temperature 
of  the  spectral  radiant  emittance  of  a  blackbody  radiator 

T  ®  absolute  temperature 

AT  =  a  small  change  in  temperature 

AW  ■  a  small  change  in  spectral  radiant  emittqnce 

X  *  wavelength  of  received  radiation 

P  *  sensor  performance 

N  *  number  of  azimuth  scans  of  an  individual  detector  element 
per  frame  in  a  rectangular  raster  system 

V .3  ANALYSIS 


The  change  in  spectral  radiant  emittance  from  one  target  to  the  next  for 
a  AT  between  the  targets  is,  for  small  signals,  approximately 


aw  «  ^  at  -  w'&t 

U- 


(154) 


Assuming  that  the  targets  are  large  area  lambertian  radiators,  the  change 
in  power  on  the  detector  can  be  written  as 


£  Power 


(155) 


It  is  interesting  that  this  is  independent  of  range  (R)  except  for  T|  , 

2  * 

since  the  area  of  the  source  (target)  which  is  effective  is  abR  and  the 

2  2 

number  of  steradians  of  power  collected  is  nd  /4R  . 
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2  1/2 

Since  the  D*/(abf  &f)  is  the  signal-to-noise  cut  of  the  detector 

it 

for  1  watt  input,  we  can  write  the  signal-to-noise  ratio  generrted  by 
scanning  the  above  target  as 


S/N  J 


D* 


AX  (abf^2  Af)1/2 


x  AW 


<ay 


TV  \  ab  d\ 

O  a 


(156) 


and  by  setting  this  signal  to  noise  to  unity  and  substituting  for  AW, 
we  have  the  &T  which  corresponds  to  the  NET 


NET  *  J 


(4f) 


1/2 


AX 


,1/2 


d\ 


(d  T]d)‘  (ab)  '  Tlo  Tld  D*  W 


(157) 


from  the  earlier  definition  of  NET: 


Af  -  1/2T , 


(158) 


can  be  determined  by  the  scanning  parameters  and  is  generally  a 
function  of  the  position  in  the  field  as  well  as  the  type  of  scan. 

The  minimum  time  an  element  taxes  to  seen  a  point  in  the  image  is  then 


v 

'sc 


(159) 


Substituting  Eq.  159  into  158  and  Eq.  158  into  157  provides  Eq.  160 


NET  -  J* 


2  JTT  (*@F)1/2 

.  ..  i  JL  , 


AX  (d  T).)2  ab  1)  1)  (n  T  )l/2  D*  W 

c  o  a  sc 


d\ 


(160) 
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In  order  to  reduce  the  number  of  interrelated  parameters  and  provide 
better  insight,  we  continue.  By  definition 


f/No.  “  f  /d  T 1 

*  d 


therefore, 


NET 


isstHl _ 1 _  p  - _ —  ax 

ab  dn1/2  \  (\C)V  D*  W  \ 


(161) 


Although  detector  instantaneous  field  of  view  is  an  important  parameter 
for  determining  NET,  it  is  not  a  measure  of  the  sensor  spatial  resolu¬ 
tion.  Many  potential  measures  of  resolution  exist,  however,  for  the 
present,  it  is  adequate  to  state  that  it  contributes  to  the  total 
system  resolution  and  therefore  affects  the  operator's  ability  to  de¬ 
tect  and  recognize  targets.  Without  further  justification  at  this 
time,  t  will  be  defined  in  terms  of  the  sensor  modulation  transfer 

it 

function  (M  )  and  spatial  frequency,  f,  as 

i) 


r.  -  [2 1  *4  "J1 

Similarly, 

rb  ■  [2 :  d£Jx 


(162) 


(162a) 


when  is  the  sensor  resolution  normal  to  the  direction  of  scan. 
Sensor  resolution  is  related  to  the  detector  size  by  the  resolution 
efficiency,  1  , 
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\ 


ab 


ra  rb 


(163) 


The  resolution  efficiency,  7)^,  is  a  measure  of  how  closely  the  sensor 
resolution  matches  the  detector  size.  In  the  ideal  case,  7|r  *  1,  the 
detector  size  determines  the  resolution,  with  all  other  system  compo¬ 
nents  designed  such  that  they  do  not  degrade  the  detector  resolution. 

While  NET  is  a  common  parameter  for  defining  sensor  sensitivity  because 

it  is  relatively  easy  to  objectively  measure,  it  should  never  be  con- 

sidered  independent  of  F  or  AX.  It  has  been  shown  that  because  the 

eye/brain  will  spatially  and  temporally  integrate,  the  system  sensi- 

1  /2 

tivity  is  proportional  to  NET/(f)  '  .  It  must  always  be  remembered  that 
sensitivity  in  terms  of  temperature  is  a  convenience  that  has  meaning 
only  when  considering  the  spectral  response.  We  will  now  regroup  the 
NET  equaticn  parameters  to  show  a  more  intuitively  meaningful  relationship. 


<<y&F) 


1/2 


r  r.  NET 

a  b 


— 1/2  Kin  ti1/2 

Jl  *  \  ’’o  V 


D*  W'  T\a  d\ 

\  *  /  2  f/No.  (164) 

AA 


To  be  completely  rigorous  1)  or  T)0(X)/1)0  should  be  included  in  the  inte¬ 
grand  but  generallv  an  effective  value  for  can  be  determined. 

Equation  164  is  the  general  equation  specifying  FLIR  Sensor  performance 
and  it  applies  to  background  limited  as  well  as  nonbackground  limited 
systems.  For  the  case  of  BLIP  operation 


D*  «  j)**  (2  f/No.)  T|*/2  J\ca 


(16S) 


Jj -,^»a{ww>y  >, iw.«rgriFMty?gn>-.  «ar^ 


where  D**  is  the  detectivity  of  a  theoretically  perfect  detector.  For 
BLU  operation,  Eq.  165  can  be  substituted  into  164  with  the  resulting 
performance  equation 


(Of0F) 


1/2 - =  d"1/2  ^  r'  11  111/2  111/2 

r  r.  NET  d  o  cs  sc  q 


D**  W  11  d\ 

\  x  J&X  yf 


(166) 


V.4  CONCLUSIONS 


It  has  been  shown  that  by  a  judiciovts  selection  and  definition  of 
parameters  the  sensitivity  equation  for  a  real  time  thermal  imaging 
sensor  can  be  presented  so  that  the  real  sensor  tradeoffs  are  apparent. 

All  performance  parameters  have  been  gr  ped  as  a  major  parameter  as 

P  =  (a,Bp)1/’  r  r'h’ET  <167> 

a  b 

this  parameter  indicates  how  resolution  can  be  traded  off  with  sensitivity 
and  field  of  view. 


All  of  the  strongly  wavelength  dependent  parameters  are  grouped  in  a 
major  parameter 


R 


D**  W  d>. 

[* - ^ - 

"AX  FT 


(168) 


;  i  that  wavelength  optimization  can  be  systematic.  It  must  be  remembered, 
however,  that  for  strongly  diffraction  limited  systems,  *|  is  also  a 
function  of  wavelength  and  T^d. 
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The  parameters  which  reflect  design  efficiency  are  grouped  in  a  major 
parameter 


T)  1)  Tl1/2  T|1/2  T|  11 

so  'cs  sc  q  r  d 


(169) 


In  general,  when  this  term  is  not  maximized,  it  must  be  made  up  by  a 
larger  system  with  more  detectors.  It  requires  resources  to  make  up 
for  the  inefficiency. 

The  design  or  complexity  parameters  are  grouped  in  a  major  parameter 


C 


(170) 


This  is  to  indicate  that  the  only  real  freedom  a  designer  has  after 
he  has  chosen  the  wavelength  and  maximized  the  efficiency  is  to  vary 
the  aperture  or  add  more  detector  channels.  If  more  performance  is 
required,  so  is  more  complexity.  That  is, 

P  -  CER  (171) 

V.5  EQUATION  FOR  ANALYSIS 

For  evaluating  a  specific  design  it  is  more  meaningful  to  use  equations 
that  have  easily  determined  (measured)  parameters.  For  completeness, 
such  an  equation  is  presented  here  with  an  abbreviated  derivation. 


By  definition,  for  a  1  watt  input  at  wavelength  X,  the  signal  to  noise 
at  the  output  is 


(S/N) 


D* 


(Ad  Af) 


1/2 


where 

A.  *  detector  area  (cm) 
d 

Af  ■  noise  bandwidth  of  cest 


(172) 


then  using  the  above  plus  Eqs.  154,  155  and  the  definition  of  NET  as 
AT  for  S/N  *  1,  we  have  the  desired  result 


NET 


4(Ad  Af) 


1/2 


M  d2  T|^  Tt  T)  ab  D*  V 
d  o  a 


d\ 


(173) 
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the  spatial  frequency  of  the  object.  In  a  similar  manner,  the  contrast 
required  for  resolution  of  a  3 -bar  object  ia  used  to  define  the  minimum 
resolvable  contrast  (MIC)  as  a  function  of  spatial  frequency  for  an  ACTV 
system.  Analysis  is  provided  to  permit  the  prediction  of  these  perform- 
arce  parameters,  and  typical  curves  are  provided.  Finally,  based  upon 
the  analysis,  methods  for  comparing  TV  and  IR  systems  in  Moratory /field 
tests  are  presented.  Suggestions  are  presented  on  how  tests  starting 
with  controlled  laboratory  tests,  then  controlled  field  tests  against 
laboratory  objects,  then  limited  controlled  field  tests  against  tactical 
type  targets,  and  finally  extensive  semicontrolled  field  tests  all  using 
two  controlled  sensors  side-by-side  could  be  used  for  comparison. 


s 


i 


